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1. Abstract 
Mangrove and saltmarsh wetlands generally occur at the interface of terrestrial and 
marine ecosystems. Prior to the 1980’s, coastal wetlands, including those in urban 
areas, were regarded as wastelands of little value; however, since then the 
ecosystem services they provide have been recognised. Urban wetlands face a 
range of challenges, most often reclamation for coastal development and poor 
ecosystem health. The Badu Wetland in Sydney Olympic Park, NSW, Australia, has 
been impacted by multiple pressures associated with wetlands in urban 
environments. 
 
This study aims to identify the relationship between coastal wetland health and 
distribution, and water levels. Particular emphasis was given to the effect of previous 
management interventions on current health and distribution, and the projected 
influence of sea-level rise in the 21st century. This was achieved by 1) collating 
information about past and present vegetation changes, policies to ameliorate 
vegetation change, and future threats to vegetation health; 2) mapping the current 
wetland distribution, and establishing the degree of change from previous mapping; 
3) modelling the relationship between wetland vegetation distribution and elevation 
using digital elevation models; 4) establishing the vertical accretion and surface 
elevation trends using an established network of surface elevation tables and marker 
horizons; and 5) exploring the relationship between elevation and accretion trends 
and environmental variables, such as elevation, distance from the channel and 
hydroperiod. 
 
It was found that the Badu Wetland had poor mangrove health, including mangrove 
dieback, and this is linked to poor tidal flushing, either through long flow lengths or 
slight depressions within the landscape causing pooling of tidal waters. Vegetation 
distribution of mangrove and saltmarsh has remained relatively stable since 2002, 
and surface elevation and accretion trends over this period within both the mangrove 
and saltmarsh exceeds current rates of sea level rise. However, these rates may lag 
behind projected rates of sea level rise for the 21st century. 
 
1 
 
2. Introduction 
2.1 Background to the Project 
2.1.1 Mangrove and Saltmarsh Environments 
Broadly, wetlands can be defined as environments where water is the primary factor 
controlling the environment and associated flora and fauna (Ramsar Convention 
Secretariat 2013, p.7). There is no clear consensus on a definition of wetlands, with 
global regions, countries, provinces, territories and states, and governments and 
other organisations within them, having different definitions to satisfy the interests 
present in the location (Finlayson et al. 1995). Of these numerous definitions the 
Ramsar Wetlands Convention definition has the largest acceptance and use in 
international dialogue (Finlayson & Spiers 2011), and is interpreted to include a wide 
range of environments including marine reefs, seagrass beds, coastal lagoons and 
deltas, inland swamps, marshes, and floodplains (Davis 1994).  
 
Prior to the 1980’s wetlands were regarded as wastelands of little value (Boorman 
1999), however, since then the ecosystem services they provide have been 
recognised (Ewel et al. 1998). Mangrove and saltmarsh wetlands are important both 
ecologically and economically. Wetlands are an important food source and habitat 
for crustaceans, fish, migratory birds, insects, mammals and bats (Keast 1995; 
Laegdsgaard & Johnson 1995; Kutt 1997; Thomas & Connolly 2001; NPWS 2003); 
and are also able to dampen flood waters, reduce erosion, trap sediments and 
recycle nutrients and pollutants (Ewel et al. 1998; Boorman 1999). As a result, 
ecosystem services including social, economic and environmental benefits are 
valued globally at $193,845/ha/year (de Groot et al. 2012). These benefits are not 
only provided by remote ‘pristine’ wetlands, but also by wetlands in urban 
environments, such as the Badu Wetlands in Bicentennial Park at Sydney Olympic 
Park (SOP), which is the study site for this report. However, urban wetlands also 
face a range of challenges which threaten ecological and economic value, and the 
amenity provided to the community. Many of these challenges are specific to the 
urban context, for example while high mosquito numbers are not problematic in 
2 
 
wetlands far away from large human populations, in populated areas mosquitos pose 
a health risk. 
2.1.2 History of the Study Area 
The Badu Wetlands are located at SOP in Homebush Bay, in Sydney, NSW, 
Australia. Sydney Olympic Park contains Sydney’s largest coastal wetland, and 
saltmarsh community, with much of the flora and fauna at the site seldom found 
elsewhere in the Sydney region (Kay 2004; Rodgers et al. 2013).The mangrove 
forest in the Badu Wetlands is dominated by Avicennia marina, while the salt marsh 
area is dominated by Sarcocornia quinqueflora (Rogers, Saintilan & Cahoon 2005).  
 
Homebush Bay is an intensively managed site that has undergone extensive 
engineering works since European settlement, change over time investigated 
through photogrammetric mapping from digital images of aerial photographs in 2005 
(Rogers, Saintilan & Cahoon 2005). In 1930, Homebush Bay was dominated by a 
fluvial delta originating from the Powells Creek tributary, mangroves lining Powells 
Creek and the delta front. By 1951, Powells Creek was modified to form a straight 
channel to Homebush Bay. Modification continued, by 1970 a bund wall dividing the 
southern extent of the wetlands, causing the extensive dieback of areas of mangrove 
that lined the original meanders of Powells Creek, the southern section of the 
wetland was completely reclaimed by 2000. Additionally, by 1970 saltmarsh had 
established north of the original wetland on dredge spoil originating from dredging 
activity within the bay. Extensive mangrove dieback and regrowth was also evident 
between 1978 and 2000. In 1978 mangroves covered an area of 9.5 ha on the west 
side of the wetland. In 1982, brick-dust from a nearby brickworks settled on the 
western wetland area and 0.3 ha of mangrove dieback was observed, dieback 
continuing with 0.7 ha impacted by 1986. By 2000 the impacted mangroves had 
begun to decline in area to 0.5 ha. This brick dust deposit is now stabilised by a 
stand of Casuarina glauca. Mangroves now occupy most of the original salt marsh 
area, the remaining salt marsh now occupying a section of the dredge spoil. (Rogers, 
Saintilan & Cahoon 2005). 
 
The Current Context 
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The Badu Wetlands is far from pristine due to both historic and ongoing impacts, yet 
is highly valuable, so continues to be highly managed in order to maintain the 
ecosystem services it provides. The Badu Wetlands are of high ecological value, 
containing both mangroves and coastal saltmarsh, an endangered ecological 
community listed under the Threatened Species Conservation Act 1995 NSW (TSCA 
1995 NSW), and the vulnerable saltmarsh plant species Wilsonia Backhousei, a 
perennial matforming subshrub, also listed under the TSCA 1995 NSW. The Badu 
Wetlands are also an important park amenity, with almost 25 000 people entering 
SOP each day in 2013, a large proportion of these visitors entering Bicentennial 
Park, for both recreation such as birdwatching, and educational purposes with 
primary and high school groups participating in science excursions run by SOPA 
(Rodgers et al. 2013). It is therefore important that the ecological health of the Badu 
Wetlands be preserved, and where possible improved, so that the ecological benefits 
and amenity provided is maintained for present and future generations. 
 
Urban wetlands face a range of challenges, most often reclamation for coastal 
development (Bridgewater & Cresswell 1999), and the Badu Wetlands is no 
exception. Over the last 20 years the key management challenges at the Badu 
Wetlands have been changes in wetland distribution and health, high mosquito 
populations (Paul & Kandan-Smith 2001) and incursion of saltmarsh by the noxious 
weed Juncus acutus, a sharp pointed rush (Paul & Young 2006; Paul et al. 2007; 
Pacific Wetlands 2008; Pacific Wetlands 2014). These management challenges 
have been responded to through a range of management interventions, such as 
channel construction (Paul & Kandan-Smith 2001) and ongoing J. acutus eradication 
(Paul & Young 2006; Paul et al. 2007), vegetation health monitoring showing 
increases in both mangrove and saltmarsh overall health as a result (Pacific 
Wetlands 2008; Pacific Wetlands 2014; Paul 2015).  
 
However, challenges still remain, for example, mangrove dieback still present in the 
Badu Mangroves, so this study aims to identify the relationship between coastal 
wetland health and distribution, and water levels. Particular emphasis is given to the 
effect of previous management interventions on current health and distribution, and 
the projected influence of sea-level rise in the 21st century. 
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This research will continue research carried out in the past, providing current results, 
apply methodologies previously unused in the area, and where possible providing 
recommendations to management. 
2.2 Aim and Objectives  
To assist with decision making and management at the Badu Wetland at Homebush 
Bay, this project aims to identify the relationship between coastal wetland health and 
distribution, and water levels. Particular emphasis is given to the effect of previous 
management interventions on current health and distribution, and the projected 
influence of sea-level rise in the 21st century. This aim was achieved by 
1. Collating information about past and present vegetation changes, policies to 
ameliorate vegetation change, and future threats to vegetation health. 
2. Mapping the current wetland distribution, and establishing the degree of 
change from previous mapping 
3. Modelling the relationship between wetland vegetation distribution and 
elevation using DEMs in ArcGIS 
4. Establishing the vertical accretion and surface elevation trends using an 
established network of surface elevation tables and marker horizons 
5. Exploring the relationship between elevation and accretion trends and 
environmental variables, such as elevation, distance from the channel and 
hydroperiod 
6. Establishing current water levels and vegetation inundation using water 
loggers and ArcGIS, and past water level changes using sea level records. 
7. Assessing vegetation health and its relationship to environmental variables 
8. Applying this information to a readily available simulation model to project the 
likely effect of sea-level rise on the health and distribution of coastal wetlands 
9. Using the information generated from the above objectives, identify 
management implications and make recommendations to management to 
assist in maintaining and improving the coastal wetland health of the Badu 
Wetlands.  
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3. Literature Review 
3.1 History of Vegetation Change 
Vegetation change histories are a valuable resource for coastal managers and other 
decision makers in many ecological settings, including urban wetlands. When 
formulating plans for management and conservation, vegetation change histories 
allow coastal mangers and other investigators to avoid assumptions about the age 
and past distribution of the vegetation present (McLoughlin 2000; Swetnam et al. 
1999). Additionally, vegetation histories may be used when addressing ongoing 
management issues, past causes of vegetation change providing a frame of 
reference when investigation the causes underlying present and future vegetation 
changes (Swetnam et al. 1999). Therefore, so that such a resource may be provided 
to coastal managers and others studying the vegetation present, it is important to 
establish a history of vegetation change for the Badu Wetlands at Homebush Bay. 
3.1.1 Change in Extent and Distribution of Mangrove and Saltmarsh 
Investigation Using Historical Evidence 
The distribution of mangrove and saltmarsh from European Settlement at Homebush 
Bay, and the decades following, has been investigated both alone (Clarke & Benson 
1988) and as a component of larger studies of the Lane Cove River Catchment 
(McLoughlin 1988), and the Parramatta River (McLoughlin 2000). These studies 
(Clarke & Benson 1988; McLoughlin 1988; 2000) investigated mangrove and 
saltmarsh distribution through the review of historical documents such as written 
descriptions in correspondence, cartographic evidence from maps and plans, and 
artwork; and subsequent aerial photography, with the earliest commencing in the 
1930. These investigations concluded that saltmarsh was present at Homebush Bay 
at European settlement, with charts from 1789 indicating the presence of ‘flats’, likely 
mudflats or saltmarsh (McLoughlin 2000). However, there is no conclusive 
agreement in the literature regarding the presence of mangroves at colonisation. 
 
Evidence for the presence of mangroves at colonisation has been found in the 
writings of Captain Watkin Tench, who in 1788 noted that they were present in large 
stands at Botany Bay, Port Jackson and Broken Bay (Clarke & Benson 1988). 
Alternatively, it has been found that the presence of mangroves in any capacity at 
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Homebush Bay was first reported in written observations in 1843 and once again in 
1919, in both cases mangroves reported to be fringing channels in Homebush Bay, 
this finding also supported by artwork attributed to the period (McLoughlin 2000). 
The presence of large stands as described in the writings of Captain Watkin Tench 
(Clarke & Benson 1988) was found to be unlikely, as no mangroves were shown in 
1891 charts of the area (McLoughlin 2000). Subsequent comparison of maps and 
charts to aerial photography showed little change in mangrove distribution and extent 
at Homebush Bay between 1890 to 1930, with mangroves fringing channels in the 
area, but no significant stands present (McLoughlin 2000). While studies of 
Homebush Bay and the surrounding areas have not reached an agreement on the 
subject of mangrove presence at colonisation, they do concur on the topic of 
clearing. 
 
Both McLoughlin (1988; 2000) and Clarke and Benson (1988) found evidence 
indicating that large portions of the wider Homebush Bay area had been cleared in 
the 19th century. The rationale for this clearing is uncertain, as the cleared land would 
have been unsuitable for agricultural use (McLoughlin 1988), and local soap making 
and oyster industries had access to much closer mangroves from which to produce 
alkali ash and oyster spats respectively (Mitchell & Adam 1989). More likely, these 
mangroves were cleared on a local scale for household use, mangrove wood used 
as timber and fuel (McLoughlin 1988).  
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Figure 3.1: Map of wetland vegetation distribution of the Parramatta River in the 1880’s and 1890’s (McLoughlin 2000).
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More relevant to this study are the causes of historic changes in overall mangrove 
and saltmarsh extent. In both studies McLoughlin (1988; 2000) attributed the change 
in mangrove extent, from very limited to fringing channels, to increased sediment 
supply and nutrient levels following European settlement. However, no nutrient and 
sediment analyses were carried out to prove that nutrient and sediment levels 
changed significantly following European settlement, so there is no empirical 
evidence to support this hypothesis. Additionally, it has been shown that nutrient 
enrichment does not improve Avicennia marina establishment, only increasing 
seedling survival (Saintilan 2003). Therefore, nutrient and sediment enrichment are 
unlikely to be the sole factors responsible for the expansion of mangroves at 
Homebush Bay following European settlement.  
 
Investigation using Aerial Photography from 1930-2000 
In addition to the vegetation mapping from aerial photography conducted in the 
1980’s using unidentified methods (Clarke & Benson 1988), mangrove and 
saltmarsh distribution at Homebush Bay has been further investigated through 
photogrammetric mapping and analysis in ArcGIS (Figure 3.3). This mapping 
occurred prior to additional to mapping of saltmarsh in detail by SOPA in 2002, NSW 
Maritime (mapping in some areas of SOP based on aerial photography and 2005 
ground truthing), Earthtech (mapping in some areas of SOP based on 2005 aerial 
photography and 2006 ground truthing), and by Pacific Wetlands in 2008 and 2014 
(detailed mapping based on 2007 and 2013 aerial photography and ground truthing 
respectively) (Pacific Wetlands 2014). However, as the 1930-2000 mapping includes 
both mangrove and saltmarsh vegetation mapping, it is of more relevance to this 
study. 
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Figure 3.2: Gross wetland vegetation extent change at Homebush Bay, 1930 to 2000 
(Rogers 2004). 
This photogrammetric mapping found that between 1930 and 2000, mangrove extent 
increased by 16.46 ha and saltmarsh vegetation decreased by 60.62 ha. Overall, this 
represented a 65% increase in mangrove and 93% decrease in saltmarsh over the 
study period (Figure 3.3), mangrove almost completely replacing saltmarsh as 
depicted in Figure 3.3. The majority of changes in mangrove and saltmarsh 
distribution were attributed to reclamation of wetlands for development, and invasion 
of mangrove into areas previously covered by saltmarsh and delta (Rogers 2004). 
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Figure 3.3: Photogrammetric mapping of wetland vegetation from a)1930 to e)2000 at Homebush Bay, Parramatta River, NSW, 
Australia (Rogers 2004).
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Clarke and Benson (1988) also provided a similar explanation for the expansion of 
mangrove from the 1930’s to the 1950’s, with mangroves able to expand in area 
following the construction of the Powells Creek channel and subsequent breaching 
of constructed levees, and later, reclamation for development. 
 
Southeast Australian Mangrove and Saltmarsh Trends – Mangrove Encroachment 
into Saltmarsh 
The increase in area populated by mangrove in southeast Australian estuaries since 
European settlement, including Homebush Bay as described above, is now an 
established trend documented in academic and other literature (Saintilan & Williams 
1999; McLoughlin 2000; Harty 2004; Rogers et al. 2006), as is corresponding 
saltmarsh decline (Saintilan & Williams 1999), this trend also observed 
internationally (Saintilan et al. 2014). As has been concluded at Homebush Bay 
(Rogers 2004), a review of studies in southeast Australia predominantly attributed 
the decline of saltmarsh to invasion by mangrove, and to a lesser extent, reclamation 
by humans. However, rather than being the result of any single factor, such as 
nutrient enrichment, the literature suggests that change in distribution of mangrove 
and saltmarsh, including invasion of mangrove into saltmarsh, is the result of 
numerous, and often interrelated, factors.  
 
Hypotheses suggested to explain the trend of mangrove encroachment into 
saltmarsh in Southeast Australia include transport of A. marina propagules along 
mosquito runnels (Breitfuss et al. 2003), increased precipitation (Morton 1994), 
recolonisation of land following agricultural use (Mitchell & Adam 1989; Morton 
1994), rising sea levels (Saintilan & Hashimoto 1999; Rogers et al. 2006), altered 
tidal regimes (Morton 1994), increased sedimentation rates (McLoughlin 2000), 
elevated nutrient levels, and wetland subsidence(McLoughlin 1988; 2000). 
Considered alone many of these hypotheses have been found to be inadequate in 
describing the likelihood of mangrove invasion into saltmarsh or proportion of 
mangrove to saltmarsh, for example when considered alone, increasing rainfall 
(Wilton 2002; Saintilan 2004), and increased nutrient levels (Saintilan 2003) 
disproven. Other hypotheses, such as local factors contributing to saltmarsh 
compaction during drought (Rogers et al. 2006), have been found to facilitate 
mangrove encroachment into saltmarsh. No single study has comprehensively 
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identified all of the factors responsible for mangrove invasion into saltmarsh in 
southeast Australia. Further obscuring the identification of factors driving mangrove 
and saltmarsh trends is the possibility of confounding due to correlating factors, 
complicating the identification of any single driver or group of drivers (Rogers et al. 
2014), in already complex ecological settings.  
 
3.1.2 Change in Extent and Distribution of Vulnerable Species 
Wilsonia backhousei 
The Badu Wetlands are not only home to Coastal Saltmarsh, an Endangered 
Ecological Community in the Sydney Basin Bioregion under the N SW TSC Act 
1995, but also the vulnerable saltmarsh species Wilsonia backhousei, listed under 
the same legislation. As Coastal Saltmarsh and Wilsonia backhousei are listed under 
the NSW TSC Act 1995, Sydney Olympic Park is legally bound to ensure proper 
management of Wilsonia backhousei and the Coastal Saltmarsh community present 
in the park to promote their conservation. In response to these legal obligations, 
Sydney Olympic Park developed Sydney Olympic Park Authority’s (SOPA) 
Biodiversity Management Plan, which was approved by the Department of 
Environment and Conservation on 9th December 2003 with the issue of a certificate 
under section 95(2) of the Threatened Species Conservation Act, 1995. The plan 
approves conditional conduct of site management and operational activities in areas 
containing Coastal Saltmarsh, and provides guidance for conservation of Wilsonia 
backhousei and its habitat at Sydney Olympic Park. 
 
In order to develop this management plan, and establish the distribution and extent 
of Wilsonia backhousei following its listing as a vulnerable species in 2000, mapping 
Sainty and Associates were engaged by Sydney Olympic Park, and conducted 
vegetation mapping conducted using a differential GPS (Sydney Olympic Park 
Authority & Sainty & Associates Pty Limited 2004). Additionally, to evaluate the 
success of Wilsonia backhousei and Coastal Saltmarsh management at Sydney 
Olympic Park, Pacific Wetlands was engaged, and produced reports in 2008 and 
2014, with vegetation mapping of Wilsonia backhousei conducted using an RTK 
GPS (Pacific Wetlands 2008; Pacific Wetlands 2014).  
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Comparison of the mapping between 2002 and 2007 indicated a decline of 12% in 
area occupied by Wilsonia backhousei in Sydney Olympic Park, from 226 ha to 1890 
ha (Pacific Wetlands 2008). The change in area was attributed to actual change in 
distribution, but may also have been impacted by differences in mapping methods, 
scales, and area used in 2002 and in 2007 (Pacific Wetlands 2008). Additionally, 
vegetation may have been incorrectly classified, or vegetation types omitted (Pacific 
Wetlands 2008). 
 
 
Figure 3.4: Wilsonia backhousei extent at the Badu Mangroves in 2008 (left) and 2014 
(right) (Pacific Wetlands 2014). 
Between 2008 and 2014, the area occupied by Wilsonia backhousei in the Badu 
Wetlands increased by 185%, from 80 ha to 228 ha (Pacific Wetlands 2014). The 
increase in area occupied in the Badu Wetlands was attributed to remediation 
actions carried out by Sydney Olympic Park (Pacific Wetlands 2014).  
3.1.3 Change in Extent and Distribution of Non-native Invasive Species 
Juncus Acutus 
The Badu Wetlands contain the noxious weed (Invasive Plants and Animals 
Committee 2015) Juncus acutus. Mapping in 2002 indicated that the Juncus genus, 
including both non-native J. acutus and native J. krausii, occupied 2.1 ha within 
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Sydney Olympic Park (Sydney Olympic Park Authority & Sainty & Associates Pty 
Limited 2004). By 2007, this area had decreased by 96% to 0.092 ha, attributed to 
efforts to eradicate J. acutus by the Sydney Olympic Park Authority (Pacific Wetlands 
2008). By 2014, no evidence of J. acutus was found within the Badu Wetlands, 
attributed to successful remediation of the site following removal (Pacific Wetlands 
2014).  
3.2 Past and Current Wetland Management 
The Badu Wetlands are highly managed, with a number of key ongoing management 
issues, including vegetation health and distribution changes, mosquitos and 
nuisance plant species. The management of these issues has developed over time, 
as understanding of the issues present has improved through academic research, 
and the technology available to manage these issues has advanced. As time 
progresses the future management of the Badu Wetlands will also have to change, 
not only with improvements in knowledge and technology, but also in response to 
emerging threats. 
3.2.1 Management Issues 
Changes in Wetland Distribution 
Encroachment of saltmarsh by mangroves has been widely observed in 
Southeastern NSW, including Homebush Bay (Rogers et al. 2006). This is the case 
for much of the saltmarsh in the Badu Wetlands, mangroves encroaching saltmarsh, 
with little to no space available for saltmarsh to migrate to higher elevations naturally 
due to the development of the surrounding lands. This is problematic, as saltmarsh is 
an ecologically valuable vegetation community, listed as an Endangered Ecological 
Community in the Sydney Basin Bioregion under the NSW TSC Act 1995, and 
identified in the SOPA Biodiversity Management Plan as a key asset to be 
maintained at SOP (Pacific Wetlands 2014). Therefore SOPA has opted to take 
action to prevent the loss of saltmarsh.  
 
Wetland Health 
Decreases in wetland health in the Badu Wetlands decreases amenity, and is a 
major concern of SOP management. The Badu Wetlands have in the past 
experienced poor overall health, attributed to poor tidal flushing (Chapman & 
Underwood 1997; Paul & Kandan-Smith 2001). Tidal flushing provides the nutrients, 
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salinity and water necessary for the flora and fauna that reside in wetland 
ecosystems (Prosser 2004). Restriction of tidal regimes through sedimentation and 
change in channel morphology are therefore likely to increase stress on wetland 
ecosystems, and negatively impact their health (Paul & Kandan-Smith 2001). 
 
Lack of tidal flushing in the Badu Wetlands was first identified as a management 
issue in 1997, due to significant infilling that had occurred within Haslams and 
Powells Creeks following the construction of Powells Creek in the 1930’s, and a later 
sedimentation event from the nearby brickworks. This infilling, and lack of channel 
maintenance, led to poor tidal flushing. As a result the mangroves and saltmarsh in 
Homebush Bay were lacking in number and variety of marine benthic organisms 
present, increased tidal flushing was recommended to increase species diversity to a 
similar level found at comparable sites (Chapman & Underwood 1997). Following 
this recommendation, a channel was constructed in 2000 to improve tidal flushing in 
areas of mangrove in the Badu Wetland most affected, which were displaying 
stunted growth, dieback and low seedling recruitment, all symptomatic of poor tidal 
flushing (Paul & Kandan-Smith 2001) 
 
Following channel construction indicators of mangrove health, such as abundance of 
seedlings and leaf colour, were observed to improve in areas previously identified as 
being poorly flushed (Paul & Kandan-Smith 2001; Rodgers et al. 2013). However, 
the problem of poor tidal flushing the Badu Wetlands is still ongoing. While areas of 
past poor health have improved, some areas of dieback remain, attributed to poor 
overall tidal flushing of these areas, and blockages impeding drainage (Paul 2014a).  
 
Mosquitos 
The mosquito population present in the Badu Wetlands is also affected by a lack of 
tidal flushing. The Badu Wetlands are home to a large mosquito population (primarily 
the species Aedes vigilax), mentioned in a large proportion of the literature 
surrounding wetland management at Sydney Olympic Park (Cooper 2003; Finlayson 
& Spiers 2011; Pacific Wetlands 2014; Paul & Kandan-Smith 2001; Paul 2014a; Paul 
2014b; Rodgers et al. 2013; Pacific Wetlands 2008). Large mosquito populations are 
problematic in urban areas, posing a significant threat to public health in Australia 
due to the spread of diseases such as Ross River Virus, and reducing the overall 
17 
 
amenity of the area (Paul & Kandan-Smith 2001). The magnitude of the mosquito 
population in the Badu Wetlands has been attributed to lack of tidal exchange, which 
fosters the development of stagnant pools that allow mosquito breeding (Paul & 
Kandan-Smith 2001). The threat to human health and decrease in overall amenity of 
the park due to increasing mosquito populations means that, once again, maintaining 
adequate tidal flushing is a key management concern for the Badu Wetlands. 
 
Nuisance Plant Species 
Just as the Badu Wetlands has ‘pest’ insects, it is also a potential habitat for 
nuisance plant species. Juncus acutus is the most significant of these species 
present at SOP, considered a noxious weed (Invasive Plants and Animals Committee 
2015), and identified as a threat to the continued viability of saltmarsh at SOP as 
early as 1997, as was the need for a management plan for Juncus acutus control 
(Burchett & Pulkownik 1997). J. acutus is particularly problematic within the Badu 
Wetlands, as it is an aggressive competitor, threatening the long-term viability of the 
saltmarsh present, necessitating its eradication (Paul & Young 2006). As a result, J. 
acutus has been the subject of a park wide eradication program. 
3.2.2 Management Actions 
J. acutus Eradication (commenced 1998) 
J. acutus eradication was one of the earliest management interventions at SOP, 
(Burchett & Pulkownik 1997), eradication trials beginning as early as 1998 (Paul & 
Young 2006). However, these initial trials had no systematic experimental design, 
such as the use of replicate quadrats, so while the plant was removed, knowledge 
about removal was not advanced (Paul & Young 2006).  
 
Systematic trials of J. acutus eradication began in March 2001, and tested two 
methods of eradication, four different treatments within each category, and a control 
(Paul & Young 2006). For each of the nine total treatments, including the control 
treatment (no action), three replicate plots of 2 m x 2 m were used, separated by at 
least 1 m of untreated land. The first method tested was physical removal, which 
involved physical excavation of J. acutus and levelling of excavated site such that 
waterlogging could not occur followed by either revegetation with saltmarsh plants, 
covering the excavated site with either J. acutus munch or traditional garden mulch, 
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or no covering or revegetation. The second method tested was chemical treatment, 
which involved either applying Glyphosate to the whole plant, or cutting J. acutus to 
5-10cm above ground level and either applying Glyphosate, applying salt, or not 
applying anything. A control plot was also included in the study, marked in the same 
manner as treatment plots, but with no excavation, cutting of plants or application of 
chemicals. Based on the analysis of J. acutus regrowth height and number of J. 
acutus seedlings within quadrats over three years the study concluded that all 
physical removal methods were successful in eradicating J. acutus, as was applying 
Glyphosate to the whole plant. The remaining treatments were deemed unsuccessful 
in complete eradication of J. acutus, though in the case of J. acutus cutting and 
application of Glyphosate or salt it was suggested that while the treatments were 
observed to be effective at suppressing J. acutus, they were not statistically 
significant.  
 
An additional study investigated the effects of the J. acutus eradication methods on 
saltmarsh vegetation and weeds (Paul et al. 2007). This study used the quadrats 
described above and made observations of J. acutus, saltmarsh and weed 
recruitment on eleven occasions at varying intervals of months, including one 
observation in December 2000 before treatments were applied in March 2001. The 
results of the previous study were reconfirmed, the same treatments found to be 
effective in eradication of J. acutus, however time taken to for saltmarsh to 
recolonise was significantly different between treatments. Where saltmarsh was 
transplanted following excavation and levelling, recolonisation of saltmarsh was 
deemed to have occurred in less than one year. However, while recolonisation                                                                       
was slower following other treatments, saltmarsh was still capable of significantly 
increasing saltmarsh area on less than one year. Therefore, it was concluded that 
while excavation and revegetation provided the fastest saltmarsh recolonisation, as 
significant increases in saltmarsh vegetation were also observed following other 
treatment methods, transplantation is only necessary where recolonisation must 
occur within one year. The study also identified the need for further research 
investigating the effects of J. acutus eradication methods on saltmarsh vegetation 
and weeds. Saltmarsh was found to regenerate faster in plots treated with salt than 
with Glyphosate, high salinity possibly excluding weed species, and salt significantly 
less harmful to the surrounding vegetation when compared to Glyphosate.  
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These studies (Paul & Young 2006; Paul et al. 2007) represent a substantial 
contribution in developing and publishing methods on effective eradication of J. 
acutus, and have equipped SOPA with the knowledge to implement the J. acutus 
eradication program throughout the park. In the years following the J. acutus 
eradication studies, J. acutus has been removed from SOP. In the Badu Wetlands 
eradication has been attempted by cutting J. acutus to 5-10cm above ground level 
and applying Glyphosate, repeatedly where necessary (Pacific Wetlands 2014). This 
methodology appears to be in contravention to the recommendations of previous 
study, which statistically found cutting and application of Glyphosate to be ineffective 
(Paul & Young 2006). However, as repeated applications of Glyphosate have been 
used, rather than a single application, the results of the study are not directly 
applicable. It is therefore possible that the method currently used in the Badu 
Wetlands may be effective. 
 
Channel Construction (commenced 2000) and Maintenance (commenced 2014) 
Tidal inundation has also been a long term concern of SOP management, identified 
as a management issue in 1997, as was J. acutus (Chapman & Underwood 1997). 
Channels were constructed within the Badu Wetlands (Figure 3.5) in 2000, as 
recommended several years earlier (Chapman & Underwood 1997), following 
substantial planning by SOPA (Paul & Kandan-Smith 2001). The construction 
process involved clearing over 1700 mangrove trees, creating roads using crushed 
sandstone for machinery to remove extracted sediment, constructing a landfill area 
to dispose of extracted sediment, constructing the channels by scraping away the 
crushed sandstone and underlying sediment in a backwards direction from the end 
of the constructed access road, and finally disposal of the excavated sediment at the 
constructed landfill site (Paul & Kandan-Smith 2001). 
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Figure 3.5: Proposed channel locations (orange) and actual channel locations (red) 
constructed under the Tidal Flushing Program in the Badu Wetlands, Sydney Olympic 
Park, NSW, Australia (Rodgers et al. 2013). 
However none of the channels in the Badu Wetlands, existing or constructed in 
2000, had undergone routine inspection and maintenance until 2014, despite 
channel maintenance being identified as a future priority in 1997 (Chapman & 
Underwood 1997). Due to this lack of maintenance mangrove dieback of 
approximately 7000 m2 occurred in an area with tidal flushing through existing 
channels, attributed to restriction of tidal flushing by blockades, including silt, fallen 
mangrove trees and pneumatophores (Paul 2014a). In response, clearing of 
blockades was proposed in May 2014 and later conducted in July-August 2014 in 
order to restore tidal flushing to the mangrove dieback area (Paul 2014a; Paul 
2014b). However, this clearing of blockades is a relatively short term solution, 
requiring frequent monitoring and maintenance as additional blockades to tidal 
flushing occur (Paul 2014b).  
 
Removal of Mangrove Seedlings and Trees (commenced 2004) 
While channels were cut in the Badu Wetlands to improve mangrove vegetation 
health and counter decreased distribution, the proliferation of mangroves has been 
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controlled where Coastal Saltmarsh and Wilsonia backhousei are threatened. The 
removal of mangrove seedlings was implemented in order to retain, and hopefully 
promote the increase of Wilsonia backhousei distribution at SOP, commenced as a 
part of the Wilsonia backhousei management program in 2004 (Sydney Olympic 
Park Authority & Sainty & Associates Pty Limited 2004). This removal program has 
continued in subsequent years, and was expanded in 2012 to the removal of both 
seedlings and trees in saltmarsh in order to prevent mangrove encroachment and 
subsequent loss of saltmarsh at SOP (Pacific Wetlands 2014).  
 
Removal of mangrove seedlings and trees is relatively simple. Mangrove seedlings 
are removed manually where possible, pulled out by hand. Where seedlings have 
become established, or as of 2012, where mangrove trees occur in saltmarsh, 
mangroves are cut close to the ground and the exposed stumps painted with the 
broad spectrum herbicide Glyphosate (Sydney Olympic Park Authority & Sainty & 
Associates Pty Limited 2004). However, while the continuous removal of mangrove 
seedlings is important to maintain Wilsonia backhousei and saltmarsh distribution at 
SOP, it does not address the causes of mangrove encroachment into saltmarsh, and 
the likelihood of further encroachment as sea levels rise in the future. 
 
SlipGate Installation (fully functional 2007) 
The SlipGate (Figure 3.6) is one of the most significant management interventions 
conducted at the Badu Wetlands, with a total cost of $187,000, construction 
commencing in 2006, and full functionality (following vandalism) achieved in 2007. 
The SlipGate is a fully automated tide gate, at SOP opening and closing at intervals 
defined by management, the gate moving up to allow flow of water from Powells 
Creek into the Waterbird Refuge, and down to reduce or stop flow. 
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Figure 3.6: Left: SlipGate at the Waterbird Refuge (Photo: Kerry Darkovich). Right: 
The Waterbird Refuge looking towards the Badu Wetlands. 
The SlipGate was installed primarily to improve the overall health of the Waterbird 
Refuge which had extremely poor visitation rates by shorebirds prior to SlipGate 
installation. Indicators of poor health included high algae production, low dissolved 
oxygen concentration, bad odours, poor species diversity and little saltmarsh extent. 
The combination of these poor ecological indicators led to a reduction in migratory 
shorebird numbers, and combined with the reduction in visual amenity and poor 
odours, visitor numbers also declined. In response, SOPA installed the SlipGate in 
order to control the hydrology of the Waterbird Refuge, including water levels and 
tidal characteristics such as tidal inundation duration and frequency. The overall aim 
of this management intervention was to restore overall Waterbird Refuge ecological 
health, increasing migratory shorebird numbers, and human visitor numbers. This 
increase in visitor numbers will likely also have led to increases in visitors to the 
Badu Wetlands, directly adjacent to the Waterbird Refuge. Additionally, the 
installation of the SlipGate at the Waterbird Refuge shows that the hydrology of 
wetlands within SOP may be controlled by management where necessary. 
 
Boom Installation (approx. 2007 installed in conjunction with SlipGate) 
At the same time the SlipGate was being installed, a boom (Figure 3.7) was installed 
primarily to prevent objects from obstructing the operation of the SlipGate, which 
would prevent full operation. However, this boom also prevents movement of 
mangrove seedlings and floating rubbish into the Waterbird Refuge, preventing 
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mangrove from encroaching saltmarsh, and rubbish from decreasing amenity. In 
addition to the boom at the entrance of the Waterbird Refuge from Powells Creek, 
booms are also installed at additional locations along Powells Creek, Haslams Creek 
and Boundary Creek. These booms were installed primarily to stop entry of rubbish 
into SOP wetlands, but as at the Waterbird Refuge, they also prevent mangrove 
seedlings from entering the area downstream. 
 
Figure 3.7: Boom on Powells Creek, Sydney Olympic Park, NSW, preventing entry of 
A.marina propagules to the Waterbird Refuge (Photo: Catherine Bowie). 
 
Vegetation Health Monitoring 
While not a management intervention, vegetation health monitoring is also crucial in 
order to ensure changes in vegetation are detected in a timely manner so 
appropriate management actions can be implemented. The vegetation of the Badu 
Wetlands has been the subject of numerous monitoring programs, the majority 
attached to specific management interventions, for example, the relatively large 
number of monitoring programs conducted by SOPA and others following channel 
excavation as a part of the tidal flushing program (Rodgers et al. 2013). Vegetation 
health monitoring programs conducted in the Badu Wetlands often focus on a single 
vegetation community, or species of interest, and more recently have been carried 
out to monitor the achievement of ecological goals set out by SOPA, such as those 
for Coastal Saltmarsh set out in the SOPA Biodiversity Management Plan (Pacific 
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Wetlands 2014), and  Wilsonia backhousei set out in the SOPA Wilsonia 
Management Plan (Sydney Olympic Park Authority & Sainty & Associates Pty 
Limited 2004). 
 
Mangrove health was most recently monitored in May-July 2015 by SOPA, the 
second set of measurements for a continuous monitoring program unattached to any 
specific management intervention established two years earlier, with baseline 
measurements taken in May-July 2013. Establishing this continuous assessment 
program is crucial, as previous mangrove vegetation health assessments were often 
attached to specific management intervention programs. The attachment of 
monitoring to management interventions led to assessments with different criteria, 
assessment locations, and inconsistent repeat assessment intervals, if repeat 
assessments were conducted at all. As a result overall changes vegetation health 
and fluctuations over time were challenging to identify on the basis of this monitoring 
(Paul 2015).  
 
The newly established field based mangrove vegetation health assessment is non-
destructive, measuring the quantitative parameters listed in Table 3.1 at a total of 20 
sites in SOP, 12 of these sites in the Powells Creek system, which includes the Badu 
Wetlands (Paul 2015). The mangrove vegetation health assessment parameters 
were selected by SOPA, from those identified by previous research on urban 
saltmarsh vegetation heath parameters and monitoring (Kessler 2006) where they 
applied to general wetland or mangrove health, or where they were identified by 
SOPA as suitable parameters for assessing mangrove vegetation health (Paul 
2015). While two years passed between the first and second mangrove vegetation 
health assessments, the intended frequency of future monitoring is not clear. 
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Table 3.1: Mangrove vegetation health assessment monitoring parameters used at 
Sydney Olympic Park, NSW, Australia (Paul 2015). 
Tree Parameters Unit of Measurement 
Number of trees per unit area 
Tree height m 
Breadth at chest height mm 
Canopy gap % 
Number of visible hollows on tree trunks per tree 
Number of dead branches on tree trunks per tree 
Number of epicormic branches per tree 
Number of aerial roots on tree trunks per tree 
Herbivory by insects % of leaves on trees 
Number of dead trees per unit area 
Number of stunted trees per unit area 
Ground Parameters Units 
Density of active crab holes per unit area 
Density of gastropods present per unit area 
Density of normal pneumatophores per unit area 
Density of abnormal pneumatophores per unit area 
Density of seedings per unit area 
 
Similarly to mangroves, saltmarsh and Wilsonia backhousei health have been 
monitored using a non-destructive quantitative field based methodology. Saltmarsh 
and Wilsonia backhousei health were most recently monitored in 2014, following 
baseline monitoring in 2008 (Pacific Wetlands 2008; Pacific Wetlands 2014). This 
monitoring program was established in response to the ecological goals set out by 
SOPA in various policies such as the SOPA Biodiversity Plan (Pacific Wetlands 
2014), which set out various goals for Coastal Saltmarsh extent, distribution and 
condition.  
 
The quantitative, non-destructive health assessment of saltmarsh, including Wilsonia 
backhousei is based on research conducted at 10 urban wetlands in Sydney 
Harbour, with of these sites 3 in Homebush Bay, including saltmarsh in the Badu 
Wetlands (Kessler 2006). While research conducted in 2006 suggested 26 
quantitative measures of saltmarsh health be made, 10 were selected for monitoring 
(Table 3.1), along with a vegetation inventory measured using percent cover in order 
26 
 
to identify dominant species (Pacific Wetlands 2008; Pacific Wetlands 2014). These 
parameters were selected on the basis of relevance to the site, ease of 
measurement, and time of length required to measure the parameter. This thoughtful 
selection ensures that future measurement of parameters may be conducted by 
those familiar with saltmarsh environments in a timely manner, using parameters that 
do not require measurement by saltmarsh experts, as suggested in the research 
upon which the measurement protocol is based. Each wetland area is given a score 
on the basis of parameters (Table 3.2), with the overall health indicated by the sum 
of the scores (Kessler 2006). 
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Table 3.2: Saltmarsh vegetation health monitoring parameters used at Sydney 
Olympic Park, NSW, Australia (Pacific Wetlands 2008). 
Parameter Scoring Criteria 
Saltmarsh area 0 = <200 m2 
1 = 200 m2-1 ha 
2 = >1 ha 
Vegetation condition 0 = poor (sparse, scattered/struggling in density) 
1 = medium (fleshy, intermittently dense) 
2 = good (fleshy, forming carpet) 
Wilsonia condition 0 = absent/poor 
1 = medium 
2 = good 
Introduced species 0 = introduced species present in >20% of area 
1 = introduced species present in <20% of area 
2 = introduced species absent 
Mangroves 0 = seedlings/trees present in >20% of area 
1 = seedlings/trees present in <20% of area 
2 = seedlings/trees absent 
Crab holes 0 = absent 
1 = present in <20% of area 
2 = present in >20% of area 
Mosquito larvae 0 = present 
2 = absent 
Erosion/sedimentation 0 = high 
1 = moderate 
2 = absent/low 
Tidal debris/litter 0 = high 
1 = moderate 
2 = absent/low 
Trampling 0 = high 
1 = moderate 
2 = absent/low 
Overall Score Good condition = average total score of 14 or greater 
Fair condition = average total score less than 14 to 12 
Poor condition = average total score less than 12 
 
 
3.2.3 Success of Management Actions 
J. acutus Eradication (commenced 1998) 
The area occupied by the Juncus genus at SOP decreased by 96%, from between 
2002 and 2007 based on mapping by Sainty and Associates and Pacific Wetlands 
(Sydney Olympic Park Authority & Sainty & Associates Pty Limited 2004; Pacific 
Wetlands 2008). By 2014 no evidence of J. acutus was found within the Badu 
Wetlands (Pacific Wetlands 2014). This eradication, observed in the Badu Wetlands 
to be 100% effective, strongly indicates that the J. acutus removal program has been 
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a success in the Badu Wetlands. Additionally, J. acutus eradication has been linked 
to increases in area of Wilsonia backhousei, able to colonise areas J. acutus no 
longer occupies (Pacific Wetlands 2008).However, J. acutus may return to the area, 
so ongoing monitoring is crucial to ensuring the continued eradication of the species 
at SOP (Pacific Wetlands 2008; Pacific Wetlands 2014).  
 
Channel Construction (commenced 2000) and Maintenance (commenced 2014) 
The channel construction has also been deemed successful (Paul & Kandan-Smith 
2001), but as with J. acutus eradication, some ongoing management concerns 
remain. Channel construction had three main measurable impacts on the ecological 
health of the Badu Wetlands which have all been investigated as a part of the Tidal 
Flushing program under which the channels were excavated; changes in overall 
wetland health, mangrove dieback and mosquito populations. 
 
Overall wetland health, including mangrove vegetation health, was assessed in 2013 
at five sites in the Badu Wetlands by measuring pneumatophore abundance and 
abnormalities, mangrove seed abundance and abnormalities, mangrove tree height, 
saltmarsh percent cover, number of gastropods, number of crab holes and number 
of live crabs (Rodgers et al. 2013). Based on the measurement of these ecosystem 
health indicators the study concluded that the overall health of the Badu Wetlands 
had been improved significantly since the channel construction in 2000.  
 
Mosquito populations have also been successfully reduced by the construction of 
additional channels in the Badu Wetlands. Prior to channel excavation, an analysis 
of mosquito habitat in 2000 indicated that pooled water for ideal mosquito breeding 
and hatching comprised over 25% of the Badu Wetland mangroves, leading to a 
large mosquito population, average abundance of A. vigilax from 1997-1998 75.45 
larvae per trap in Bicentennial Park (Paul & Kandan-Smith 2001). Doe to the risk to 
human health there was a significant desire to apply pesticides to the wetlands to 
control mosquito populations. This placed a significant financial burden on SOPA, 
with an approximate pesticide application cost of $100,000 per year. Following 
channel excavation pooled water idea for mosquito breeding, and abundance of A. 
vigilax in larvae traps reduced by almost 100% (Paul & Kandan-Smith 2001). 
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Despite the measured success of the tidal excavation process, future success is not 
guaranteed without maintenance and monitoring to trigger management action. By 
2013 channels were found to have widened and changed shape (Rodgers et al. 
2013). To ensure the continued functionality of the channels further investigation into 
the impact of the changes in channel shape was recommended, and conditional on 
the results of further study, channel maintenance was suggested. To date, large 
scale maintenance of the constructed channels has not been conducted, however, 
SOPA has been monitoring mangrove condition (Paul 2015), and commissioned 
hydrological studies of the Badu Wetlands in 2003 (Manly Hydraulics Laboratory 
2003) and 2015 (Paul 2014a), demonstrating awareness of the importance of 
hydrology, and changes to hydrology caused by channel alteration. 
 
A more detailed survey of ecological health of the Badu Wetlands was also 
recommended, implemented through monitoring programs of mangrove and 
saltmarsh health. The implementation of vegetation health monitoring programs was 
recommended as while the study included several ecological health indicators the 
study (Rodgers et al. 2013) was not holistic, neglecting some of the underlying 
factors contributing to wetland health at the Badu Wetlands. Additionally, the study 
noted that monitoring of the ecological health of the Badu Wetlands was 
inconsistent, making any change in ecological heath more challenging to identify and 
respond to in a timely manner. Since the 2013 study repeat monitoring of saltmarsh 
(Pacific Wetlands 2008) and mangrove (Paul 2015) vegetation health has occurred, 
following monitoring in 2008 (Pacific Wetlands 2008) and 2013 (Paul 2015), and will 
be continued into the future, satisfying the report recommendation.  
 
Removal of Mangrove Seedlings and Trees (commenced 2004) 
Unlike the previous management actions, there was no monitoring program or 
assessment of success attached to the mangrove seedling and tree removal. 
However, saltmarsh vegetation health monitoring conducted in 2008 and 2014 found 
that mangroves were not encroaching saltmarsh or threatening Wilsonia backhousei 
in the Badu Wetlands, prevented from doing so due to the mangrove removal 
program (Pacific Wetlands 2008; Pacific Wetlands 2014). On this basis of this 
evidence, the removal of mangrove seedlings and trees has been successful in 
preventing mangroves from invading saltmarsh at SOP. This removal effort will also 
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have increased saltmarsh vegetation health scores, mangrove encroachment one of 
the parameters used in the 2008 and 2014 saltmarsh vegetation health assessments 
(Pacific Wetlands 2008; Pacific Wetlands 2014). 
 
SlipGate Installation (fully functional 2007) 
The installation of the SlipGate at the Waterbird Refuge has also been successful. 
Ecological monitoring prior to, during and after construction of the SlipGate found 
that the ecological health indicators found to be poor prior to installation had 
increased (Paul 2009). Changes in ecological health indicators detected through 
monitoring included significant decrease in algal cover, increased abundance and 
diversity of shorebirds and benthic fauna, increased saltmarsh extent and vegetation 
health, and reduction in odour. In addition to the increase in ecological health, the 
number of visitors to the Waterbird Refuge also increased, attracted by the increased 
number of migratory shorebirds, and no longer deterred by poor odours and algal 
cover.  
 
Boom Installation (approx. 2007 installed in conjunction with SlipGate) 
Booms at SOP have not been subject to significant study in terms of their effects on 
ecology, specifically effectiveness of mangrove seedling capture. However, the 
amount of material, mostly rubbish, removed from these booms has been recorded 
in the past. Between 2009 and 2010 the booms installed at SOP intercepted and 
removed over 125 tonnes of rubbish carried into the Park from upstream (Sydney 
Olympic Park Authority 2014). The large volume of rubbish intercepted indicates that 
the booms installed are effective at intercepting floating rubbish, and are therefore 
likely effective at intercepting floating mangrove propagules. Yet, the mangrove 
seedling and tree removal program continues throughout SOP (Pacific Wetlands 
2014), suggesting that the booms are not entirely effective, or additional sources of 
mangrove propagules. In any case, the booms installed at SOP increase wetland 
health and amenity, preventing rubbish from entering waterbodies that lead to 
wetlands, and are likely effective at preventing mangrove seedlings from entering 
and encroaching the Waterbird Refuge and other saltmarsh environments at SOP. 
 
Vegetation Health Monitoring 
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Vegetation health monitoring has been successful in scrutinizing changes in wetland 
vegetation health, suggesting reasons for observed changes in vegetation health, 
providing indications of management action success, and guiding the identification of 
appropriate management responses. 
 
Overall, mangrove vegetation health at SOP has improved from 2013 to 2015. The 
proportion of sites assigned ‘poor’ and ‘fair’ vegetation health grades has decreased, 
and proportion of sites assigned the grade ‘good’ have increased (Figure 3.8 b). This 
suggests that the health of mangroves is generally increasing at Sydney Olympic 
Park. However, data for the Badu Wetlands tells a slightly different story. While ‘fair’ 
grades have decreased and ‘good’ grades have increased, suggesting some 
improvement in vegetation health, the number of sites assigned a ‘poor’ grade 
remains unchanged since 2013 (Figure 3.8 a). Further examination of the data (see 
appendices) shows that the same sites (numbers 11, 19 and 20) in the Badu 
Wetlands have received poor scores in both 2013 and 2013, poor heath continuing 
rather than developing in these areas. Sites 11 and 19 both exhibit poor mangrove 
heath and poor scores for ecological indicators such as gastropod density. Site 20 
however, in addition to exhibiting poor mangrove vegetation and overall ecological 
health, is a site of mangrove dieback which has previously been identified by SOPA 
(Paul 2014a; Paul 2014b). As mangrove vegetation health has been shown to be 
continually poor at these sites the causes of poor health at these sites will be 
investigated as a part of this study. Specifically, this study will attempt to determine if 
poor tidal flushing may be contributing to poor mangrove vegetation health. 
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a) Badu Wetlands b) all sites 
Figure 3.8: Percent of mangrove assessment sites in a) the Badu Wetlands (n=11) and 
b) in Sydney Olympic Park (n=18) assigned poor (score <15), fair (score 15-20) and 
good (score >20) grades of mangrove vegetation health (Paul 2015; Paul unpub.).   
 
Generally, saltmarsh vegetation health has also improved at SOP. Between 2008 
and 2014 the proportion of saltmarsh vegetation health assessment sites assigned 
‘poor’ and ‘fair’ grades at SOP has increased, and the number of ‘good’ grades 
assigned has risen in a corresponding fashion (Figure 3.8). This is also true of the 
Badu Wetlands, average site scores rising from 12 to 15 from 2008 to 2015, however 
the number of sites assessed were low, 1 and 2 sites respectively due to the small 
overall extent of saltmarsh at the Badu Wetlands.  
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Figure 3.9: Percent of saltmarsh assessment sites assigned poor (score <12), fair 
(score 12 to <14) and good (score ≥14) grades of saltmarsh vegetation health in 2008 
(20 sites) and 2014 (18 sites). 
The increasing health of both mangrove and saltmarsh in the Badu Wetlands 
suggest that the actions taken by management have had a positive overall effect on 
the vegetation health of the Badu Wetlands. However, the lack of mangrove 
vegetation health improvement at 3 sites within the Badu Wetlands suggest that 
further action by management may need to be taken to ensure that the progress 
made in improving vegetation health does not stall due to inaction. 
 
Overall Success of Management Actions 
Based on improved vegetation health, detected through vegetation monitoring 
programs, the interventions implemented at SOP by SOPA have been successful. 
The actions taken by SOPA have often addressed multiple objectives, for example, 
creating new channels improved drainage, thereby improving vegetation health and 
limiting pooling and creation of mosquito habitat (Table 3.1). The health and amenity 
of the Badu Wetlands have increased under management by SOPA, addressing 
issues in a suitable manner, in which both extensive planning and a timely response 
occurs.  
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Table 3.3: Summary of management issues and responses at the Badu Wetlands, 
Sydney Olympic Park, NSW, Australia. 
 Management Issues 
Changes in 
Wetland 
Distribution 
Wetland Health Mosquitos Juncus 
acutus 
M
a
n
a
g
e
m
e
n
t 
A
c
ti
o
n
s
 
J. acutus 
Eradication 
J. acutus 
eradication linked 
to increased area 
of Wilsonia 
backhousei 
(Pacific Wetlands 
2008) 
Removal of J. acutus, 
and recolonization by 
W. backhousei has led 
to increased 
vegetation monitoring 
scores 
(Pacific Wetlands 
2008; Pacific 
Wetlands 2014) 
- No evidence 
of J. acutus 
in the Badu 
Wetlands in 
2014 
(Pacific 
Wetlands 
2014) 
Channel 
Construction 
and 
Maintenance 
- Increased overall 
health, reduced 
mangrove dieback 
(Rodgers et al. 2013) 
Decreased 
mosquito 
breeding 
habitat 
(Paul & 
Kandan-
Smith 2001) 
 
Removal of 
Mangrove 
Seedlings and 
Trees 
Decreased 
mangrove 
encroachment of 
saltmarsh 
 
- - - 
SlipGate 
Installation 
Increased 
saltmarsh area in 
the Waterbird 
Refuge 
Hydrological control of 
the Waterbird Refuge 
linked to increase in a 
number of wetland 
health indicators 
- - 
Boom 
Installation 
Mangrove 
seedlings 
prevented from 
entering and 
encroaching 
saltmarsh 
- - - 
 
3.4 Emerging Threats 
3.4.1 Relationship Between Wetland Distribution and Water Levels 
As water is the primary controlling factor in wetlands, any change to water 
parameters and related processes, most significantly mean sea level, is likely to 
impact wetland distribution, including that of mangrove and saltmarsh. It has long 
been hypothesised that changes in the relationship between wetland elevation and 
water level can have significant impacts upon mangrove and saltmarsh, threatening 
their survival (Woodroffe 1990). However, the relationship between water level and 
wetland elevation is not simple, with many biophysical feedbacks between water 
level, inundation depth, duration and frequency of inundation, groundwater levels, 
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sedimentation, and plant productivity; all of which have the potential to influence 
wetland surface elevation relative to sea level (Cahoon et al. 2006; McKee et al. 
2012; Rogers & Saintilan 2008; Whelan et al. 2005). This concept, many factors 
affecting wetland elevation relative to sea level, was best described by (Pethick 
1981) and is referred to as the negative feedback loop (Figure 3.10). The negative 
feedback loop is foundational for projecting the response of wetlands to sea level 
rise and is a central component to the SET technique. Tides bring sediments into 
wetlands which are positioned between mean sea level and highest astronomical 
tide, over time building wetland elevation, with the subsequent response being a 
decrease in elevation (Figure 3.10). 
 
 
Figure 3.10: The negative feedback loop: relationships between sedimentation and 
elevation in coastal wetlands (Saintilan et al. 2009). 
 
Several studies have investigated the relationship between wetland elevation, water 
levels, and various biophysical feedbacks in mangrove and saltmarsh environments 
in Southeastern Australia, including Homebush Bay. Vertical sediment accretion, one 
of the key drivers of surface elevation change (Figure 3.10), has been found at to 
contribute to 67% of surface elevation change in saltmarsh settings, and 51% in 
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mangrove settings in a study of multiple sites in Southeastern Australia in a variety of 
geomorphological settings using the SET-MH technique (Rogers 2004). No 
consistent relationship was observed between surface elevation change and 
sediment accretion at all sites, as below ground processes influence the surface 
volume, meaning that surface elevation gain can be greater than, or less than the 
degree of accretion that is occurring(Rogers 2004). At Homebush Bay no significant 
difference observed between rates of sediment accretion and surface elevation 
change (Rogers 2004). The study also found that at Homebush Bay surface 
elevation change rates exceeded sediment accretion rates overall, suggesting that 
below ground processes are significant at Homebush Bay (Rogers 2004).  
 
In studies investigating surface elevation at multiple sites surface elevation change 
has also been strongly correlated to Southern Oscillation Index (SOI) and rainfall, 
which may affect both above and below ground processes (Rogers 2004). At 
Homebush Bay surface elevation variability was found to be directly influenced by 
changes to groundwater and tidal inundation, surface elevation variability explained 
between 70-85% by SOI (Rogers & Saintilan 2008).  However, the drivers of surface 
elevation change are regionalised, for example increasing mangrove and saltmarsh 
surface elevation strongly correlated to position within the tidal prism, defined by 
inundation depth and distance to the tidal channel at the Tweed River in 
Northeastern NSW (Rogers et al. 2014), in contrast to the findings at Homebush 
Bay.  
 
Wetland distribution dynamics have also been found to be scale dependant in the 
temporal context. The spatial extent of mangrove encroachment into saltmarsh 
varies regionally, and therefore requires a regionalised driver, such as rainfall and 
water level variations (Rogers et al. 2014).  Both rainfall and water level variations 
were found by this study to relate to short term variability in surface elevation, 
however cross correlation confounded the identification of a single driver of the short 
term variability observed. At a larger temporal scale, the long term trend of mangrove 
invasion into saltmarsh was been found to correlate to global sea level trends, rather 
than any particular localised factor (Rogers et al. 2014). While these specific findings 
only directly apply to the study site, the Tweed River, they recognize the impact of 
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temporal extent on wetland distribution dynamics, and the implications of cross 
correlation. 
 
Comparison of studies investigating processes operating at individual sites 
emphasises the spatial variability of the biological, geological and hydrological 
processes that contribute to surface elevation change within individual wetlands in 
Southeastern Australia. Geological contributions, specifically sedimentation and 
subsidence, are the dominant contributors to surface elevation change in 
Southeastern Australia (Rogers 2004). However, accretion and subsidence rarely 
completely explain changes in surface elevation, therefore other processes must be 
at work in wetlands (Rogers 2004). Changes in below ground biomass, a key 
biological contributor to surface elevation change, have been attributed to surface 
elevation gains greater than sediment accretion at Homebush Bay (Rogers 2004) 
and surface elevation decreases at Kooragang Island, Hunter Rover, NSW, where 
saltmarsh biomass has been lost due to encroachment by mangroves (Rogers et al. 
2013). Hydrology, including groundwater, tidal cycles and rainfall, has also been 
found to play a key role in contributing to surface elevation change. At Kooragang 
Island storms, which result in higher sediment deposition, have been found to have a 
pronounced short term influence on accretion trends, and therefore surface elevation 
over the same period (Rogers et al. 2013). Tidal cycles also appeared to have a 
short-term effect on surface elevation at the site, causing shrink-swell of sediments. 
Longer term, shrink-swell of sediments at Kooragang Island was found to be affected 
by large fluvial flows, drought and elevated estuarine water levels (Rogers et al. 
2013). On the other hand, surface elevation change at Homebush Bay was also 
found to be affected by hydrological processes, but at this site a high correlation 
found between groundwater levels and surface elevation change (Rogers & Saintilan 
2008). Overall, geological, biological and hydrological processes may all influence 
surface elevation change in Southeastern Australian wetlands, the magnitude and 
nature of these effects both spatially and temporally variable.  
3.4.2 Likely Response of Coastal Wetlands to Sea Level Rise 
The evidence for future sea level rise is abundant. Sea level rise is primarily caused 
by two key processes driven by increasing temperatures caused primarily by 
anthropogenic climate change; thermal expansion of oceans, and melting of snow 
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and ice (IPCC 2014). Globally averaged combined land and ocean surface 
temperature data calculated as a linear trend has shown warming of 0.85°C from 
1880 to 2012 (IPCC 2014). This warming will continue, by 2100 likely to be between 
0.3°C (RCP2.6) to 4.8°C (RCP8.5) (relative to 1986-2005) (Figure 3.11), the large 
range of projected temperatures due to the differences between climate change 
scenarios, or relative concentration pathways (RCPs), which assume different levels 
of future greenhouse gas emissions from anthropogenic and natural sources (IPCC 
2014).  
 
As global temperatures have risen due to climate change, the warming of the 
atmosphere and oceans has caused thermal expansion of oceans, and melting of 
snow and ice. As the density of water is related to temperature, when oceans 
temperatures rise, the density of oceans decreases, thermal expansion occurs and 
sea level rises (IPCC 2014). Additionally as global temperatures have risen, snow 
and ice melts have also been observed to increase accordingly. For example from 
1992 to 2011, the Greenland and Antarctic Ice sheets have been losing mass, 
shrinking of glaciers has been observed worldwide, snow cover in the Northern 
Hemisphere has been decreasing, and permafrost temperatures have been rising 
(IPCC 2014). Overall, from 1901 to 2010, global mean sea level rose by 0.19 m, this 
sea level rise predicted to continue into the future (IPCC 2014). 
 
The IPCC has released climate change and sea level rise predictions in five 
synthesis reports, synthesis the results of three working groups, and the individual 
work of over 800 authors, including hundreds of scientists. The first of these reports 
was released in 1990, and the following reports released in 1995, 2001, 2007 and 
2014 (IPCC 2015). The latest IPCC sea level rise projections vary on the basis of 
RCPs, which include a strict mitigation scenario (RCP2.6), two intermediate 
mitigation scenarios (RCP4.5 and RCP6.0) and one scenario with very high GHG 
emissions (RCP8.5). Scenarios without additional efforts to constrain emissions 
(’baseline scenarios’) lead to pathways ranging between RCP6.0 and RCP8.5 
(Figure SPM.5a) (IPCC 2014). All of these sea level rise scenarios are plausible, the 
actual outcome dependant on mitigation of anthropogenic greenhouse gas 
emissions, and will likely range between 0.26 m (RPC2.6) and 0.82 m (RPC8.5) 
(Figure 3.11). 
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Figure 3.11: Global average surface temperature change (a) and global mean sea level 
rise10 (b) from 2006 to 2100 as determined by multi-model simulations. All changes 
are relative to 1986–2005. Time series of projections and a measure of uncertainty 
(shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). The mean and 
associated uncertainties averaged over 2081–2100 are given for all RCP scenarios as 
coloured vertical bars at the right hand side of each panel. The number of Coupled 
Model Intercomparison Project Phase 5 (CMIP5) models used to calculate the multi-
model mean is indicated (IPCC 2014, p.11). 
 
Three main responses by coastal wetlands to sea level rise have been hypothesised; 
vertical accretion, landward encroachment, and submergence (Woodroffe 2003). If 
sea level rises, to remain in the same location coastal wetlands must build up 
sediment at a rate equal to, or exceeding sea level rise (Stevenson et al. 1986; Reed 
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1990). If sea level rises, and coastal wetlands are unable to build vertically, and no 
vegetation migration occurs, coastal wetland will therefore be submerged by the 
rising seas (Reed 1995; Krauss et al. 2014). The ability of coastal wetlands to build 
the required sediment is dependent on the vegetation present (Pennings & Bertness 
2001). In turn, these success of wetland vegetation is dependent on the relative rate 
of sea level rise, sediment supply and tidal range, with each species and vegetation 
community having different ideal conditions for sediment accretion (Stevenson et al. 
1986; Reed 1995). Alternatively, in order to survive coastal wetlands may move 
landward to suitable elevations as sea level rises. This landward retreat may occur in 
conjunction with the vertical accretion described above, as the coastal wetlands 
reach the elevation of the surrounding lands (Gardner et al. 1992; Gardner & Porter 
2001), or without, as a migration of vegetation alone (Wolanski & Chappell 1996; 
Punwong et al. 2012).  
 
The likelihood of each of these scenarios occurring for coastal wetlands, both locally 
and globally, is largely unknown, and in order to predict this future behaviour 
modelling has been suggested (Cahoon & Guntenspergen 2010). A variety of models 
have been developed to predict the response of coastal wetlands to different sea 
level rise scenarios. These models vary from landscape models including SLAMM 
(sea-level affecting marshes model), which incorporate long term drivers of elevation 
trends (Akumu et al. 2011; Traill et al. 2011); to statistical models derived from 
empirical data (Oliver et al. 2012; Rogers et al. 2012). However, the development, 
selection and use of models is not straightforward, with limited understanding of the 
appropriate temporal and spatial scales to use for different model objectives. Long 
term studies at multiple sites are needed to validate models for use in different 
locations and coastal wetland types (Cahoon & Guntenspergen 2010).  
3.4.3 Likely Outcomes for Coastal Wetlands in Urbanised Landscapes 
Coastal wetlands in urbanised landscapes are often managed, in accordance with 
the applicable legislation and policies. Legislation that applies to Homebush Bay, and 
is commonly applicable to urban wetlands in NSW, include the EPBC Act 1999 
(Cwlth), under which saltmarsh is listed as a vulnerable ecological community, the 
NSW TSC Act 1995, under which saltmarsh is listed as a threatened ecological 
community, and the Fisheries Management Act 1994 (NSW), under which 
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mangroves and saltmarsh are listed. In addition to this Australian state and federal 
legislation, wetlands may also be designated as internationally important under the 
Ramsar Treaty. Outcomes for coastal wetlands are therefore determined by the 
applicable legislation and regulations, and supporting research, on the basis of which 
coastal managers and other decision makers, such as those who administer 
planning development applications, make decisions that affect coastal wetlands.  
 
A 2013 audit of Australian planning practices found that in most cases, responsibility 
for climate change adaptation measures was delegated by the State government to 
local councils, with sea level rise poorly addressed in state planning laws, and the 
resulting local planning laws (Gurran et al. 2013). Additionally, town planners and 
decisions makers expressed that inadequate tools were provided to assist with sea 
level rise related decisions, though tools provided were improving with time (Gurran 
et al. 2013). However, despite current shortcomings, a range of responses to sea 
level rise and outcomes for coastal wetlands are possible. 
 
Eco-engineering creates and restores ecosystems which are able to adapt to and 
mitigate climate change impacts, in contrast to costly and ecologically damaging 
traditional engineering solutions. Sea level rise is traditionally responded to through 
traditional engineering solutions, such as the construction of barrages and weirs, 
which are expensive to implement and maintain, are expected to encounter linearly 
increasing costs for adaptation to climate change in low lying areas (Jonkman et al. 
2013). However, these traditional engineering solutions have been found in Australia 
to have lower overall ecological and economic outcomes, including negative impacts 
on coastal wetlands, and are subject to lower public acceptance (Miloshis & 
Valentine 2013; Miloshis & Fairfield 2015). In response to the poor outcomes 
engineering solutions experience in response to climate change, ‘eco-engineering’ 
has been suggested as an alternative (Miloshis & Valentine 2013; Miloshis & 
Fairfield 2015).  
 
Eco-engineering involves creating, restoring and conserving ecosystems such as 
coastal wetlands, to benefit from the ecosystem services they provide (Miloshis & 
Fairfield 2015), with the ecosystem services provided by coastal wetlands valued 
globally at $193,845/ha/year (NB:2007 international dollars used) (de Groot et al. 
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2012). A range of ecosystem services are provided by wetlands social, cultural, 
environmental and economic in nature (de Groot et al. 2012). Wetlands are an 
important food source and habitat for crustaceans, fish, migratory birds, insects, 
mammals and bats (Rogers 2004 citing Keast 1995; Laegdsgaard & Johnson 1995; 
Kutt 1997; Thomas & Connolly 2001; NPWS 2003); and are also able to dampen 
flood waters, reduce erosion, trap sediments and recycle nutrients and pollutants 
(Rogers 2004 citing Ewel et al. 1998; Boorman 1999). By creating new areas of 
coastal wetlands, and restoring and conserving existing areas, communities can 
benefit from the ‘buffer’ that coastal wetlands provide, and the numerous other 
ecosystem services they provide (Miloshis & Fairfield 2015). Additionally, coastal 
wetlands are able to adapt to sea level rise by to increasing elevation through 
sediment accumulation (McKee et al. 2007; Krauss et al. 2014) and moving 
laterally/landward where unconstrained by barriers (Punwong et al. 2012), without 
the need for the costly construction and maintenance associated with traditional 
engineering solutions (Miloshis & Fairfield 2015). 
 
However, widespread use of coastal wetlands as an eco-engineering solution to 
climate change, creating positive outcomes for wetlands through restoration and 
management, will only be possible if integrated into policy responses to sea level 
rise. Therefore coastal managers, planners and other decision makers should act to 
preserve coastal wetlands, by implementing legislation, policies and programs to 
enable eco-engineering and overall coastal wetland preservation. The implemented 
legislation, policies and programs would enable coastal wetland construction, 
restoration and conservation; and enable adaptation to climate change by allowing 
for sediment accumulation and landward movement. However, in urbanised 
landscapes lateral expansion is often limited by development such as buildings, 
roads and seawalls, causing a squeeze effect.  
3.4.4 Coastal Squeeze 
The term ‘coastal squeeze’ was developed in the 1980s as a part of efforts to 
conserve saltmarsh in the UK, an emotive term accessible by the general population, 
and as such was not precisely defined (Doody 2004). More recently, coastal squeeze 
has been defined as coastal habitat loss where the high water mark is fixed by a 
human or natural structure, such as a seawall or steep topography, and the low 
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water mark migrating landwards in response to sea level rise (Pontee 2013 following 
Pontee 2011).  
 
Figure 3.12: A simplified illustration of coastal squeeze as defined by Doody (2013). 
(a) Unrestricted landward movement of wetland vegetation in low lying areas, which 
maintains coastal wetland habitat extent. (b) Landward movement of wetland 
vegetation is prevented by human development, in this case a sea defence, which 
results in a reduction in coastal wetland habitat extent, the most common definition of 
coastal squeeze. (c) Landward movement of wetland vegetation is prevented by rising 
land, which results in a reduction coastal wetland habitat extent, another form of 
coastal squeeze (Pontee 2013, p.205). 
 
Coastal squeeze poses a threat to coastal wetlands worldwide where human 
construction or steep topography exists, inhibiting landward movement of these 
habitats, survival only possible where sufficient elevation can be built by the 
vegetation present (Doody 2004; Oliver et al. 2012; Pontee 2011; Pontee 2013). 
Loss of coastal wetlands in coastal squeeze situations, caught between a rising sea 
and an impassable barrier, is inevitable unless remedied by removing barriers and 
creating buffer zones in which upslope migration can occur, or by providing sediment 
nourishment, to allow in situ adjustment without the need for upslope shifts in 
distribution (Oliver et al. 2012).  
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3.5 Methods for Exploring Future Management Options 
3.5.1 Surface Elevation Tables (SETs) and Marker Horizons (MH) 
One method of monitoring the horizontal and vertical adjustment of wetlands is the 
surface elevation table and marker horizon (SET-MH) technique, already in use at 
Homebush Bay (Rogers, Neil Saintilan & Cahoon 2005). The surface elevation table 
and marker horizon (SET-MH) technique precisely measures surface elevation 
change, vertical accretion and shallow subsidence/expansion, relative to is a 
permanent benchmark against which relative changes in surface elevation can be 
determined by undertaking repeated measures of the height of pins above a 
horizontal table (Cahoon et al. 1995).The SET comprises a stable benchmark 
against which relative rates of surface elevation change can be determined in 
intertidal environments, allowing for repeated measurement of surface elevation 
changes over a range of temporal scales, dependant on research objectives, with an 
accuracy of ±1.3 mm in mangrove and ±4.3 mm in saltmarsh (D. R. Cahoon et al. 
2002). When used in conjunction with marker horizons, accretion can also be 
tracked, and changes in surface elevation can then be attributed to vertical accretion 
and/or shallow subsidence/expansion (Krauss et al. 2014). 
 
The SET-MH technique has been used both worldwide (e.g. McKee et al. 2007; 
Morris et al. 2002), and in Australia (Krauss et al. 2014; Lovelock et al. 2011; Oliver 
et al. 2012; Rogers 2004; Rogers & Saintilan 2008; Rogers et al. 2006; Rogers et al. 
2012; Rogers et al. 2013; Rogers et al. 2014) to investigate the influence of vertical 
accretion and below ground processes on wetland surface elevation. Use of the 
SET-MH technique is particularly useful in assessing vulnerability to submergence 
by sea level rise, as when coupled with local tide data or other known increments of 
hydrologic change, vulnerability can be assessed, and drivers of change identified 
(Krauss et al. 2014).  
 
SET-MH have been installed at SOP in the Badu Wetlands since 2000 (Rogers 
2004), and measures will be taken in 2015 as a part of this study in order to establish 
surface elevation and vertical accretion trends. These trends, combined with 
knowledge of local rates of past sea level rise and global sea level rise predictions, 
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will allow the vulnerability of the Badu Wetlands to submergence under future sea 
level rise. 
3.5.2 Vegetation Health and Extent Monitoring 
Systematic vegetation health and extent monitoring using a consistent methodology, 
such as that previously conducted at Sydney Olympic Park (Saintilan & Rogers 
2008; Pacific Wetlands 2014; based on Kessler 2006), allows for repeated 
observance of vegetation health indicators and an overall heath through time, and 
identification of management priorities. The field-based vegetation and extent 
monitoring methodology previously used at SOP has several advantages; 
repeatability, option to use any of a wide range of quantitative, non-destructive 
observations, and rapid (<2 hour) speed of assessment. Additionally, the 
methodology can be customised depending on study, site, and personnel 
characteristics, for example, using indicators simple to observe where personnel are 
non-specialised (Kessler 2006). However, despite the usefulness of the methodology 
developed by Kessler (2006), it cannot replace detailed ecological studies, and does 
not account for antecedent controls. 
3.5.3 Sea Level Affecting Marshes Model (SLAMM) 
The responses of individual wetlands to sea level rise is unknown, but may be 
predicted by using modelling (Cahoon & Guntenspergen 2010). One such model is 
SLAMM, developed in the 1980’s by Richard A. Park with the United States 
Environmental Protection Agency (Park et al. 1986). SLAMM uses elevation, slope, 
and US National Wetland Inventory (NWI) Category maps, and other optional data 
(e.g. historic sea level rise rates, accretion and erosion rates, locations of dikes) 
provided by the user to predict the effect of sea level rise on wetlands, with sea level 
rise scenarios either selected from IPCC Fourth Assessment Report projectsion or 
defined by the user (Clough et al. 2012). Using the provided data SLAMM simulates 
six processes involved in long-term shoreline and wetland change during sea level 
changes; inundation, erosion, overwash, saturation, accretion and salinity, and 
generates output maps which may be analysed by the user (Clough et al. 2012). 
 
SLAMM has been used to model the effects of sea level rise on various coastlines 
and wetland communities, both internationally (Glick et al. 2013; Liao et al. 2011; 
Wang et al. 2014; Wang et al. 2015) and within Australia (Akumu et al. 2011; Traill et 
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al. 2011). This documented past success, use of widely available input data, 
relatively user-friendly interface and use, and open source licensing make SLAMM 
an advantageous model for use (Clough et al. 2012). However, despite these 
advantages, SLAMM is not without limitations. 
 
Users must be aware of the limitations of landscape models, including SLAMM, but 
these limitations do not preclude SLAMM from use. Landscape models in some 
cases simplistically simulate processes, in some cases overestimating predicted 
change (Fagherazzi et al. 2012). However, process based models with more 
complex process simulation are only suitable for exploring the general evolution of a 
wetland, or simulating a specific location, whereas landscape models can explore 
less generalised evolution at non-specific sites (Fagherazzi et al. 2012). Critiques 
specific to SLAMM, as with most landscape models, relate to the simplistic modelling 
of processes, or neglect to model particular processes at all. SLAMM is not 
hydrodynamic so may not properly account for future changes in hydrodynamics, 
has a spatially simple erosion model, no mass balance of solids, and the overwash 
component is subject to considerable uncertainty (Clough et al. 2012). Despite the 
shortcomings of the processes modelled by SLAMM, model uncertainty does not 
necessarily lead to significantly less accuracy when compared to neutral models. 
When compared to neutral models SLAMM has displayed higher rates of accuracy 
(Wu et al. 2015). Yet high error propagation was displayed, especially when moving 
from decadal (≤40 years) to longer term simulations (greater than 40 years) (Wu et 
al. 2015). This high error propagation was attributed both to model processes, and 
the likelihood that input data, specifically erosion and accretion data, may only 
represent decadal processes, so may not be valid in long term studies, or changing 
environments (Wu et al. 2015). This error propagation was reduced by combining 
land and water cover classes into broader categories, along with the use of high 
vertical accuracy elevation data, recommended by the study for the future use of 
SLAMM (Wu et al. 2015). It is important to note that the assessment of models such 
as SLAMM, while providing useful information about the model and its limitations, 
only indicates the future accuracy of the model (Fagherazzi et al. 2012). Accuracy 
assessment of SLAMM, including comparison to other models, is conducted by using 
past data and modelling changes that have already happened. However, as past and 
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current sea level rise and climatic conditions are not likely to represent future 
conditions, the accuracy assessment is limited (Fagherazzi et al. 2012). 
 
Use of SLAMM in Australia is also subject to limitations. When used outside the US, 
much of the required input data is not freely available for many areas, as it is in the 
USA. For example, while NWI category maps are freely available for the US, 
overseas users must generate this data, and while this process is not overly 
complicated where sufficient satellite or aerial imagery exists, it is time consuming. 
Additionally, SLAMM was developed in the US, primarily on the basis of US wetland 
vegetation and processes. However, Australian wetlands have some significant 
differences when compared to US wetlands, such as lack of barrier islands, absence 
of overwash in some wetlands, and the presence of significantly different plant 
communities (Akumu et al. 2011). These significant differences mean that SLAMM is 
unlikely to fully represent the changes Australian wetlands will undergo in the future 
(Akumu et al. 2011).  
 
However, these limitations do not make the model unsuitable for use, both in the US 
or overseas in Australia. The model is still readily available, relatively accurate 
compared to other models (Wu et al. 2015), suitable for use at most sites 
(Fagherazzi et al. 2012), free and relatively user friendly (Glick et al. 2013). Instead, 
users of the model should make themselves aware of the model limitations, and the 
impacts on modelling conducted. This study will therefore use SLAMM to project the 
likely effect of sea-level rise on the health and distribution of coastal wetlands. 
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4. Regional Setting 
4.1 Location 
The Badu Wetlands is situated adjacent to Powells Creek within Bicentennial Park, 
which lies on the southern side of the Parramatta River in Homebush Bay. 
Bicentennial Park itself lies within Sydney Olympic Park, which is located in the 
geographical centre of Sydney, in New South Wales, Australia (Figure 4.1). 
 
 
Figure 4.1: The location of the study area a) geographical location, b) the Sydney 
Harbour System and c) Parramatta River from Balmain to the weir at Parramatta (from 
McLoughlin 2000, p.581). 
Sydney Olympic Park is one of the largest and most significant parks in Sydney, with 
a total area of 430 hectares of public land, in addition to the sporting and 
entertainment venues present and the town centre. The local ecosystem is also of 
note, containing remnants of Sydney Turpentine Forest, saltmarsh and mangrove  
(Rodgers et al. 2013). However, Sydney Olympic Park and its vegetation 
communities have also been the subject of significant human impact since 
colonisation, now the site of one of the largest land remediation projects ever 
undertaken in Australia (AECOM Australia Pty Ltd 2010). 
Badu Wetlands 
49 
 
4.2 Geomorphology 
4.2.1 Geology 
From Homebush Bay upstream the geology of the southern side of the Parramatta 
River consists entirely of Wianamatta Group shales capping Hawkesbury Sandstone. 
This shale is relatively soft, with low resistance to denudation processes, resulting in 
a generally subdued terrain (McLoughlin 2000). As depicted in Figure 4.2, at the 
Badu Wetlands the Ashfield Shale of the Wianamatta Group is overlain by man-
made fill, primarily composed of dredged estuarine sand and mud, demolition waste, 
household waste and industrial waste.  
 
Figure 4.2: Surface geology of the Badu Wetlands and surrounding areas, Sydney 
Olympic Park, NSW, Australia (adapted from Herbert 1983). 
4.2.2 Catchment Information 
The Badu Wetlands are located at Homebush Bay, within the Parramatta River 
estuary system (Figure 4.1). Together with Sydney Harbour and the surrounding 
lands, the Parramatta River forms the Sydney Harbour and Parramatta River 
Catchment as depicted in Figure 4.3. Of the larger catchment area, the Badu 
Wetlands is situated within the Haslams/Powells Creek subcatchment Figure 4.4. 
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Figure 4.3: Map of the Sydney Harbour and Parramatta River Catchment, NSW, 
Australia (NSW EPA Remote Sensing/GIS Service 2006). 
 
Figure 4.4: Map of subcatchments of the Parramatta River, NSW, Australia (Parramatta 
River Catchment Group n.d.). 
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The Parramatta River portion of the catchment as depicted in Figure 4.4, including 
the surrounding lands is approximately 257 km2 in area, with an additional 222.4 km2 
of waterways, the Parramatta River comprising 12 km2 of this area. The ongoing 
changing of tides constantly alters conditions in the Parramatta River estuary by 
bringing water in and out of both the Parramatta River estuary and local tributaries 
including the Parramatta River, Iron Cove Creek, Haslams Creek and Powells Creek, 
just to name a few. These tidal changes affect not only water height, but water 
composition, primarily salinity levels. As a result, the salinity levels within the 
Parramatta River estuary may be as high as that of the ocean, when tides exert their 
greatest influence, to about half the salinity of the ocean, when the discharge of local 
tributaries is greatest. Though the tides move in and out on a daily basis, only small 
changes in water composition occur, with complete water exchange due to tidal 
flushing only occurring every two to three months (Parramatta River Catchment 
Group n.d.). 
4.3 Climate 
 
Figure 4.5: Mean monthly rainfall (blue columns), minimum temperature (blue line) 
and minimum temperature (red line) observed at Sydney Olympic Park from 1995-
2011 (Bureau of Meteorology 2015b). 
Homebush Bay experiences a temperate climate, highest temperatures observed in 
January in summer with a monthly maximum average of 28.1°C, lowest in July in 
winter monthly maximum average of 7.8°C (Figure 4.5). Rainfall also follows 
seasonal patterns, on average highest in February and lowest in September, 
average annual rainfall 884 mm (Figure 4.5). 
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5. Methods 
A variety of techniques were used to fulfil the project aim and objectives, to identify 
the relationship between coastal wetland health and distribution, and water levels at 
the Badu Wetlands in order to assist decision making and management. Vegetation 
health surveys and fieldwork observations were utilised to establish wetland 
vegetation heath during the study period, changes in health over time, and potential 
management issues. Vegetation distribution mapping using aerial photography was 
conducted to establish current wetland vegetation distribution, distribution of 
Wilsonia backhousei, and changes since mapping was last conducted. Digital 
elevation modelling in ArcGIS was used to determine the relationship between 
elevation and vegetation distribution, and investigate the relationship between areas 
of poor vegetation health and geomorphology. Hydrological investigation, using 
hydrological modelling in ArcGIS and water level loggers, was used to determine the 
relationship between wetland vegetation and water levels, and further investigate 
areas of poor vegetation health in relation to geomorphology and hydrology. SET-MH 
techniques were used to determine elevation and accretion dynamics since 2000. 
Lastly, SLAMM was used to project the likely effect of sea-level rise on the health 
and distribution of coastal wetlands. 
5.1 Vegetation Health Surveys 
Vegetation heath surveys of saltmarsh were carried out on 31st July 2015 following 
the methodology used in previous vegetation health surveys carried out at SOP 
(Pacific Wetlands 2008; Pacific Wetlands 2014). 3 sites were surveyed, as shown in 
Figure 5.1 below, determined in the field on the basis of dominant saltmarsh 
vegetation species present. The sites used in this study were not identical to those 
used in previous saltmarsh health surveys, so no direct comparison between sites 
was made. However changes in overall saltmarsh vegetation health over time is 
appropriate as the same assessment methodology was utilized.  
 
Results were presented as a ‘scorecard’. Scoring for each individual condition 
indicator ranged between 0 and 2, which were then classified and colour coded as 
either ‘poor’ for scores less than 0.5 (red), ‘fair’ for scores between 0.5 and less than 
1.5 (orange), or ‘good’ for scores between 1.5 and 2 (green). The summation of 
these indicator scores provided the overall assessment for the site, which were also 
53 
 
classified and colour coded. Overall assessment scores less than 12 were classified 
as ‘poor’ (red), between 12 and less than 14 classified as ‘fair’ (orange), and equal to 
or greater than 14 were classified as ‘good’ (green). An average vegetation 
assessment score was then calculated for the three sites surveyed in this study, and 
average scores from previous surveys calculated and displayed in the scorecard for 
comparison. 
 
Figure 5.1: Location and extent of 2015 saltmarsh vegetation health assessments in 
the Badu Wetlands, Sydney Olympic Park, NSW, Australia. 
 
Mangrove vegetation health surveys were not conducted, as Sydney Olympic Park 
conducted a mangrove vegetation health assessment within the mangroves in the 
Badu Wetlands in July 2015 (Paul 2015), the same month in which the mangrove 
vegetation health surveys would otherwise have been carried out for this study. The 
results of this survey are reviewed in 3.2.3 Success of Management Actions, instead 
a brief summary and map of poor mangrove vegetation health locations presented in 
the results. Additionally, observations of mangrove health made during the course of 
fieldwork relevant to the outcomes of this study have been presented in the results. 
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5.2 Vegetation Distribution Mapping 
5.2.1 Mapping of Saltmarsh and Mangrove 
The distribution of saltmarsh and mangrove in the Badu Wetlands was mapped in 
ArcGIS using aerial photography provided by SOPA, which was captured on 6th May 
2015, with a pixel size of 5cm. Areas of mangrove, mixed, saltmarsh and Casuarina 
glauca vegetation were then determined using a modified version of the protocols 
recommended by Wilton (2002) as indicated in Table 5.1. Maps of Casurina glauca, 
mangrove, saltmarsh, and mixed mangrove and saltmarsh distribution were then 
produced using ArcMap 10.2. These maps are a composite of 2015 aerial 
photography provided by SOPA, and vegetation mapping described above. A table 
was also produced showing the percentage area within the area of interest defined in 
Figure 5.2 occupied by mangrove, mixed and saltmarsh vegetation. 
 
Table 5.1: Modifications made to the protocols for wetland habitat mapping 
recommended by Wilton (2002, pp.134-135). 
Recommended Protocol Modifications/Comments 
“Mapping of mangroves and saltmarshes for habitat change 
should occur at a scale of 1:10 000 or larger. Ideally, a scale 
of 1:5000 or larger should be used to differentiate mangrove 
and saltmarsh habitats in the ecotone.” 
Largest possible map scale given 
pixel size of 0.05 m is 1:100, so 
protocol followed. 
“Distortion errors inherent in aerial photographs can be 
corrected using georectification, and a minimum of six Ground 
Control Points should be used to rectify each photo image.” 
Georectification methodology and 
results not provided, so unknown 
whether protocol followed. 
“That the following classification system be used for 
mangrove and saltmarsh habitat delineation:  
Mangrove habitat: 0-10 m canopy gaps.  
Mixed habitat: 10-20 m canopy gaps. 
Saltmarsh habitat: >20 m canopy gaps.” 
Modified: 
Mangrove habitat: Mangrove canopy 
with no saltmarsh understory. 
Mixed habitat: Open or closed 
mangrove canopy with saltmarsh 
understory. 
Saltmarsh habitat: No obvious 
mangrove canopy. 
“Casuarina glauca be mapped as a distinct vegetation unit.” Followed – Casuarina glauca 
mapped as a distinct vegetation unit 
where known to be found. 
“While supervised classification avoids boundary definition 
problems associated with vector analyses, extensive ground-
truthing is required to verify the accuracy of the classifications, 
particularly when the diversity of species is high.” 
Not applicable – supervised 
classification not conducted. 
“In vector analyses, the delineation of community boundaries 
on photographs should proceed at least at the 1:5000 scale, 
and a sharp pencil used. Where photographs are digitised 
with a scanner, 300 dpi gives an acceptable resolution. On-
screen digitising removes errors associated with hand-drawn 
boundaries” 
Protocol followed – on screen 
digitising in ArcMap used. 
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Figure 5.2: Boundary used to define the area of interest for vegetation distribution 
mapping in the Badu Wetlands, Sydney Olympic Park, NSW, Australia, 2015. 
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5.2.2 Mapping of Wilsonia backhousei 
The distribution of Wilsonia backhousei in the Badu Wetlands was surveyed using a 
Trimble R8 real time kinematic global positioning system (RTK GPS), and corrected 
simultaneously using CORSnet. Using the Trimble R8 RTK-GPS in conjunction with 
a fixed base station such as CORSnet in optimal conditions provides produces a 
typical horizontal accuracy of 8 mm + 1 ppm RMS and a vertical accuracy 15 mm + 1 
ppm RMS (Trimble 2014). Mapping conducted in 2014 (Pacific Wetlands 2014) 
provided the basis for locating the Wilsonia backhousei. Maps of Wilsonia 
backhousei distribution were produced using ArcMap 10.2. These maps are a 
composite of 2015 aerial photography provided by SOP, and the survey of Wilsonia 
backhousei. 
5.3 Elevation 
Digital elevation models (DEMs) were produced in ArcGIS from LiDAR collected in 
2008, and March 2012 and 2015, provided by SOPA. Data was provided in ASCII 
XYZ format, and was converted to point shapefile format using the “ASCII 3D to 
Feature Class” (3D Analyst) tool in ArcCatalog. The point data was then converted 
into a Terrain in ArcCatalog using the “New Terrain” (3D Analyst) tool. Lastly, the 
DEM was produced in ArcMap using the Terrain to Raster (3D Analyst) tool, using 
linear interpolation and a cell size of 1 m. 
 
The vertical accuracy of the 2015 LiDAR-derived 1 m DEM was then assessed using 
RTK GPS data collected during 2015, by producing correlation plots. RTK GPS data 
with a high root mean square error (RMSE), or suspected human error, was 
excluded from the accuracy assessment, to prevent an overestimation of the vertical 
error present in the LiDAR derived DEM. Additionally, as some of the RTK GPS data 
was collected at a density higher than the cell size of the DEM, data was excluded 
from analysis where there was more than one point per raster cell, retaining only the 
first point collected in the DEM raster cell (maximum of one RTK GPS point per cell 
included in the analysis, in order to avoid bias. The vertical accuracy of the DEM was 
also assessed for each vegetation category, mapped as described in 5.2 Vegetation 
Distribution Mapping. Digital elevation models were produced using ArcMap 10.2. A 
DEM of difference (DoD), showing changes in elevation between 2012 and 2015 
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was then produced in ArcMap 10.2 using the ‘Raster Calculator’ (Spatial Analyst) 
tool. 
  
A table was also produced showing the minimum, maximum and mean elevation 
values for mangrove, mixed and saltmarsh vegetation for 2015. An inadequate 
number RTK-GPS of points were taken in mangrove and mixed vegetation to 
characterise the full range of elevations within these vegetation communities for the 
whole extent of the Badu Wetlands. Instead, values from the LiDAR derived DEM, 
which covers the whole study site, and was found to be reasonably accurate 
compared to RTK-GPS points (Figure 6.6) in the Badu Wetlands was used. Values 
from the DEM were obtained using ArcMap 10.2, first by clipping the vegetation 
mapping to the AOI as shown in Figure 5.2 using the Clip Tool, then the Zonal 
Statistics Tool was used to determine the maximum, minimum, mean and standard 
deviation of elevation values from the 1 m DEM as derived above, and the clipped 
vegetation mapping data created as described in 5.2 Vegetation Distribution 
Mapping.  Additionally, as some outliers were presumably present due to human 
error during vegetation mapping, the elevation range for each vegetation category 
was also calculated using mean vegetation elevation ± two standard deviations. A 
similar table for Wilsonia backhousei was produced in the same manner.  
 
Elevation in areas of poor mangrove health were further investigated in ArcGIS by 
generating transects from the LiDAR derived DEM. Areas of poor mangrove health 
investigated were identified by SOPA through mangrove vegetation health 
assessments (Paul 2015). Where transects in areas of poor mangrove health 
indicated a topographic feature likely to affect mangrove health, a representative 
transect was included in the results. 
5.4 Hydrology 
5.4.1 Water Level Logging 
Onset Hobo U20 pressure loggers were deployed on 13th of June 2015 at 11 
locations within the Badu Wetlands (Figure 5.3) to collect water pressure data, with 
an additional pressure logger deployed to collect atmospheric pressure data 
simultaneously. The pressure loggers collected data at 5 minute intervals for 40.8 
days, starting several hours following deployment, including time after collection on 
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20th July 2015. Pressure data was imported, converted from water pressure to water 
level and corrected using HOBOware Pro. Corrections were made by the 
HOBOware Pro software using the atmospheric pressure data collected 
simultaneously, and using a fluid density of 1025000 kg/m3. Water level was then 
corrected to the Australian Height Datum, using RTK-GPS data collected at each 
logger. One logger had erroneous data recorded, attributed to waterlogging and 
followed by lack of drainage, so the data was excluded from all following analysis 
(data included in Appendices: Figure 10.11). 
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Figure 5.3: Location of water level loggers in the Badu Wetlands, Sydney Olympic 
Park, NSW, Australia. 
 
From this data tidal characteristics (Table 5.2) of the Badu Wetlands were described 
over two spring-neap tidal cycles from the 18th June 2015 (spring tide at 
approximately 10:15PM) to the 14th July 2015 (spring tide at approx. 8:15PM) of 
approximately 26 days.  
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Table 5.2: Tidal characteristics described. 
Tidal 
Characteristic 
Description 
Minimum Tidal 
Lag 
Time between tides (e.g. high tide) at one location and another. Calculated by 
subtracting high tide at location A (in this study each water level logger) from high 
tide at location B (in this study Fort Denison) on the 18th June (spring tide). 
Tidal Symmetry A symmetrical tide takes an equal time to flood and ebb. If peak is skewed left 
then the flood tide (‘tide coming in’) is longer than the ebb tide (‘tide going out’), 
and vice versa for a peak skewed right. Determined by calculating time of flood 
tide and ebb tide on the 18th June (spring tide), then by dividing time taken by ebb 
tide, by time taken by flood tide. Large values indicate longer ebb tides in 
proportion to flood tide. 
Maximum Tidal 
Amplitude 
Tidal amplitude is defined as the elevation of high tide above mean sea level. For 
this study maximum tidal amplitude (rather than mean tidal amplitude, for 
example) was calculated as not all high tide peaks were visible due to the 
elevation above sea level of the water level loggers, which led to differing 
inundation between sites. Maximum tidal amplitude is defined for this study as the 
highest tide observed. 
 
Hydroperiod, the proportion of time inundated, at each water level logger location 
was also calculated using Equation 1. Measurements of 0.01 m or less were 
excluded to minimise the possibility of error due to water settled in the water logger 
casing. 
 
 
𝐻𝑦𝑑𝑟𝑜𝑝𝑒𝑟𝑖𝑜𝑑 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 𝐺𝑟𝑒𝑎𝑡𝑒𝑟 𝑡ℎ𝑎𝑛 0.01𝑚 
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
  
Equation 1: Equation used to calculate hydroperiod. 
 
5.4.2 ArcGIS Hydrological Tools (Spatial Analyst) 
Using ArcGIS, and the DEM generated as described in 5.3 Elevation, a flow length 
model was derived for Homebush Bay using ArcMap 10.2. First the DEM was made 
depressionless using the ‘Fill’ (Spatial Analyst) tool. Flow direction was then 
calculated using the ‘Flow Direction’ (Spatial Analyst) tool. Finally flow length and 
accumulation were calculated using the ‘Flow Length’ (Spatial Analyst) and ‘Flow 
Accumulation’ (Spatial Analyst) tools respectively. The final map of flow length and 
accumulation was produced using ArcMap 10.2. This map is a composite of the flow 
accumulation model produced as described above, and aerial photography provided 
by SOPA. 
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The relationship between inundation and elevation was investigated by conducting a 
linear regression. Values of hydroperiod of each water level logger, and respective 
DEM locations for each water level logger were used.  
5.5 SET-MH 
Surface elevation table (version IV, Cahoon et al. 2002, Figure 5.4) and marker 
horizon measurements were conducted at nine locations within the Badu Wetlands, 
in March and August 2015. The nine SET-MH sites in the Badu Wetlands at 
Homebush Bay were installed in 2000 (Rogers, Neil Saintilan & Cahoon 2005). 
These SET-MHs were installed in three vegetation zones – named A, B and C in 
saltmarsh, mixed and mangrove environments respectively at the time of installation. 
As shown in Figure 5.4, the SET consists of permanent and portable components. 
The permanent structure consists of an aluminium pipe driven into the ground to 3-6 
m, or in the case of Homebush Bay, to bedrock at approximately 1.8 m below the 
wetland surface (Rogers, Neil Saintilan & Cahoon 2005). After the pipe is driven into 
the ground, it is then cut approximately 25cm above the surface of the wetland, and 
an insert pipe then cemented on to the top of the pipe for the portable SET 
instrument to sit on top of.  
 
The portable SET instrument consists of a vertical arm which sits on top of the insert 
pipe, and a horizontal arm which may be accurately levelled using the inbuilt spirit 
level. At the end of the horizontal arm there is a plate with nine numbered pin holes, 
through which nine numbered fiberglass pins are inserted and gently lowered to the 
surface of the wetland. Elevation was then measured by using a ruler to measure the 
distance from the top of the pin to the pin hole. As the insert pipe is notched, up to 
eight SET readings may be taken at each site, also ensuring that that the same pins 
are placed in the same location each time measures are repeated. For the study by 
Rogers (2005), readings were taken at four locations at each of the nine sites, with 
orientation measured using a compass. This study used the same locations. 
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Figure 5.4: Overview of the Surface Elevation Table and Marker Horizon Technique 
(SET-MH) (diagram by J.C Lynch in Rogers (2004)). 
 
Additionally, at each SET site, three feldspar marker horizons were placed on the 
wetland surface at the perimeter of each SET site during the 2000 installation, and 
‘mini-cores’ extracted on each occasion SET readings were taken, in order to 
determine vertical accretion (Rogers 2004). This study also utilised these marker 
horizons, ‘mini-cores’ were taken and the sediment above the white feldspar marker 
horizon measured using a ruler to the nearest millimetre, and recorded on each 
occasion when SET measurements were taken. The longevity of these marker 
horizons is notable, with marker horizons at many SET-MH sites still able to be 
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located after 15 years, when in most cases marker horizons may only last several 
months due to bioturbation of the wetland sediment by crabs and other organisms 
(Cahoon & Turner 1989). 
 
5.5.1 Data Analysis 
Data analysis was carried out in a similar manner to Rogers (2005). Measures of pin 
length (see Appendix H) were subtracted from the previous measurements to 
determine a relative change in elevation for each pin per sampling period. For data 
measured in March 2015, these were subtracted from measurements taken by 
Kerrylee Rogers in September 2013. A graph was then produced from the formatted 
data to illustrate surface elevation change and sediment accretion change within 
each zone at the study site, using data collected for this study and data collected 
from 2000 onwards by Kerrylee Rogers. A repeated measures multivariate analysis 
of variance (ANOVA) was then conducted using the JMP software package in order 
to investigate the relationship between rate of surface elevation change, rate of 
vertical accretion change, time and vegetation type (mangrove, saltmarsh of mixed).  
 
The relationship between vertical accretion and surface elevation change to rainfall 
and SOI was also tested. Previous investigation of these relationships were 
conducted over single El Niño periods, lasting no longer than two to three years in 
duration.  With dataset of surface elevation and vertical accretion spanning 15 years 
following the addition of measures from this study, and rainfall and SOI data for the 
region both freely available online, and the opportunity to test whether these 
relationships are apparent over a longer term period was apparent. Mean monthly 
rainfall for the closest weather station (Bureau of Meteorology 2015c; Bureau of 
Meteorology 2015d) and monthly SOI data (Bureau of Meteorology 2015a) for 
Australia were sourced from the Bureau of Meteorology. Relationship between 
standardised incremental changes in surface elevation and vertical accretion to 
mean monthly rainfall, mean monthly rainfall with a 3-month lag and monthly SOI 
were then tested using a linear regression analysis. 
5.6 SLAMM 
The sea level affecting marshes model (SLAMM) was used to predict changes in 
vegetation distribution at the Badu Wetlands under three sea level rise scenarios 1) if 
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sea levels were to rise at the historical rate observed at Fort Denison (77 mm rise 
from 2015 to 2100) (White et al. 2014), plausible if SOPA were to control the 
hydrology of the Badu Wetlands through engineering; 2)IPCC A1B mean (387 mm 
rise from 2001 to 2100), the ‘middle’ IPCC 2001 sea level rise scenario; and 3) 1 m 
sea level rise by 2100, above the upper limit of 2014 IPCC predictions (Figure 3.11). 
 
These sea-level rise scenarios were chosen to demonstrate a range of plausible 
outcomes, not the sea level rise scenario currently deemed most likely to occur by 
any particular study. Any global scenario chosen may not have accurately reflected 
sea level rise observed in the future locally at the Badu Wetlands as predicted rates 
vary greatly, local sea-level rise rates dependant on a number of complex factors 
that operate from local to global spatial scales (Slangen et al. 2011). 
 
A number of steps were taken to generate outputs from SLAMM. First, files required 
for input were generated as described in Table 5.3 and Table 5.4. Mixed vegetation 
was included (mangrove canopy with a saltmarsh understory) in SLAMM Code 8 
with mangrove vegetation (mangrove canopy with no saltmarsh understory). This 
modification was made as vegetation elevations were not discrete, in this case the 
elevation range for mixed vegetation falling completely within the range of mangrove 
vegetation elevation, even when ranges were calculated using mean elevation ±2 
standard deviations rather than minimum and maximum elevations. 
 
Elevation category selection was complicated by the effects of inundation and 
erosion assumed by SLAMM. For example, SLAMM recommends that mangrove in 
non-tropical settings is classified as transitional marsh shrub/scrub. However, this 
vegetation category is assumed to convert to regularly flooded marsh, the 
recommended category for saltmarsh at the site. Observations, both at this site and 
for Southeastern Australia show that in reality the opposite is true, mangrove 
invading saltmarsh following elevation losses of saltmarsh relative to sea level, and 
following loss of habitat due to development (Saintilan & Williams 2000). Therefore 
vegetation categories were selected as shown in Table 5.4, so that the effects of 
inundation and erosion assumed by the model better reflected the actual vegetation 
conditions at Homebush Bay. 
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Next, for each of the sea level rise scenarios applied in the model, the parameters in 
Table 5.5 were input. All parameters not specified as being manually input in Table 
5.5 were determined by SLAMM. SLAMM was then run for each sea level rise 
scenario, with maps output by SLAMM for 2015, 2025, 2050, 2075 and 2100. 
 
Table 5.3: Summary of input files for the sea-level affecting marshes model (SLAMM) 
(asterisk indicates required inputs). 
Input File Format and Method of Generation 
Elevation* DEM derived from LiDAR, corrected so that mean tile level (MTL) equals zero. 
DEM created as described in 5.3 Elevation used, corrected to MTL using data 
supplied by the Manly Hydraulics Laboratory from Powells Creek from 2011-2014 
(MLLW=0.396 m, MHHW=1.759 m, MTL=1.077 m). Units: metres. 
Slope* Slope file derived from DEM using the ‘Slope’ (Spatial Analyst) tool in ArcGIS. 
Units: degrees. 
National Wetland 
Inventory 
Categories* 
Raster file containing land cover type for each cell as defined by the National 
Wetland Inventory. 
Sea Level Rise 
Scenario* 
Can select from a list of IPCC sea-level rise scenarios, or user defined sea level 
rise scenario. Scenarios - Current trend (i.e. if sea level rise was controlled 
through engineering), most and least conservative 2001 IPCC predications. 
 
Table 5.4: Input land cover classes and corresponding SLAMM land cover classes.  
Vegetation Description and Notes SLAMM Class SLAMM 
Code 
Mangrove Regularly Flooded 
Marsh 
8 
Mixed – Elevation range for mix lies completely within that of 
mangrove vegetation, so classified as SLAMM Code 7.  
Regularly Flooded 
Marsh 
8 
Saltmarsh Irregularly Flooded 
Marsh 
20 
Casuarina glauca Undeveloped Land 2 
Parramatta River, Powell’s Creek and Channels within the Badu 
Wetlands 
Estuarine Open 
Water 
17 
Waterbird Refuge Water Estuarine Open 
Water 
17 
Pooled Water within Saltmarsh – relatively shallow, irregularly 
exposed. 
Irregularly Flooded 
Marsh 
20 
Pooled Water within Mangroves including Bennelong Pond – 
deeper than pooled water in saltmarsh, considered subtidal under 
the NWI. 
Estuarine Open 
Water 
17 
Other Land  - with human development Developed Land 1 
Other Land – without human development Undeveloped Land 2 
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Table 5.5: Site parameters manually inputted into the Sea Level Affecting Marshes 
Model for this study. 
Site Parameter Value Notes 
NWI Photo Date (Year) 2015 Aerial photograph used to map vegetation taken in 2015. 
DEM Date (Year) 2015 LiDAR used to derive the DEM captured in 2015. 
Historic Trend (mm/year) 0.9 
Determined using yearly mean sea level data for Fort 
Denison from 1914-2010 (White et al. 2014). 
MTL-NAVD88 (m) 0 
Not required for this study as MTL already corrected to the 
height datum used for the DEM, in this case AHD. 
Great Diurnal Tide Range 1.36 
Determined from Powells Creek water level data supplied 
by Manly Hydraulics Laboratory 
Regularly Flooded Marsh 
(Mangrove) Accretion 
(mm/year) 
2.62 Determined from SET-MH data. 
Irregularly Flooded Marsh 
(Saltmarsh) Accretion 
(mm/year) 
-0.22 Determined from SET-MH data. 
Protect developed land? Yes  
Transitional Marsh/Shrub Scrub 
(Mangrove) Maximum and 
Minimum Elevation (m) 
-2.6 
to  
-1.4 
Changed from SLAMM default to 5th percentile and 95th 
percentile. 
Regularly Flooded Marsh 
(Saltmarsh) Maximum and 
Minimum Elevation (m) 
-2.0 
to  
-1.3 
Changed from SLAMM default to vegetation range 
observed in the Badu Wetlands, as saltmarsh vegetation 
elevation in the Waterbird Refuge is lower due to 
hydrological controls. 
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6. Results 
6.1 Current Wetland Vegetation Health 
6.2.1 Saltmarsh Vegetation Health Survey 
Saltmarsh vegetation health assessment total scores for sites in the Badu Wetlands 
saltmarsh varied between 11 (poor) and 14 (good). Average overall assessment for 
2015 was 13 (fair), a decrease since 2014. However, number of sites also increased 
between 2014 and 2015, which affected total overall score, as if number of sites in 
the same area increase, the overall size of each site will therefore decrease (Table 
6.1). 
 
At each site surveyed vegetation condition, erosion/sediment, trampling and litter 
scores were categorised as good, as was Wilsonia backhousei condition in the sites 
where it was present. Scores for introduced species and mangroves were also 
consistent for all sites, categorised as ‘fair’ at each site, indicating presence of these 
issues in less than 20% of the site. The only assessment item found to be poor for all 
sites was mosquitos, indicating the presence of mosquito larvae at each site, but not 
magnitude. 
 
Scores for area, condition of Wilsonia backhousei and crabs/snails varied between 
sites. Area for sites 1 and 2 were graded as ‘fair’ and site 3 as ‘good’. However, this 
variation in area was due to site selection, as if saltmarsh surveyed was considered 
as a whole area it would be graded as good with a score of 2. Wilsonia backhousei 
presence and condition also varied between sites, present and in good condition at 
sites 1 and 3, but absent in 2, so a score of 0 and poor grade assigned. Lastly, 
scores for crabs and snails varied between sites, absent in sites 2 and 3 and 
therefore scored 0, and present in less than 20% of site 1 and therefore scored 1 
and graded fair. 
 
Overall condition assessment for each site was variable, though recommendations to 
management on the basis of scores and field observations remained the consistent 
(Table 6.1). At each saltmarsh survey site plants suspected to be J. acutus juveniles 
were present, identification complicated by young age of the plant and strong 
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resemblance of the plant to J. kraussii. Once identification is confirmed the J. acutus 
present should be promptly eradicated. Additionally, noxious weeds were observed 
to be present within sites 2 and 3, present in less than 1% of either site, but should 
be eradicated before further spread occurs. While mosquito larvae were present at 
all sites, this assessment does not consider magnitude of mosquito larvae, so 
mosquito abatement measures should not be introduced on this basis. 
 
Table 6.1: Wetland vegetation health survey scorecards for saltmarsh vegetation in 
the Badu Wetlands, Sydney Olympic Park, NSW, Australia, 2015.  
Site Name Badu Saltmarsh 1 Badu Saltmarsh 2 Badu Saltmarsh 3 
Dominant Species Sarcocornia 
quinqueflora 
Suaeda australis 
Casuarina glauca 
 Sarcocornia 
quinqueflora 
Triglochin striata 
Suaeda australis 
Sarcocornia 
quinqueflora 
Suaeda australis 
Sporobolus virginicus 
Condition Assessment 
Scores 
   
Area 1  1  2  
Vegetation Condition 1.5  2  2  
Wilsonia Condition 2  0  2  
Introduced Species 1  1  1  
Mangroves 1  1  1  
Crabs/Snails 1  0  0  
Mosquitos 0  0  0  
Erosion/Sediment 2  2  2  
Litter 2  2  2  
Trampling 2  2  2  
Overall Assessment 13.5  11  14  
Average Overall 
Assessment 2015 
13 (n=3) 
Average Overall 
Assessment 2014 
15 (n= 2) 
Average Overall 
Assessment 2008 
12 (n= 1) 
Key Threats Juncus acutus J. acutus (juveniles) 
Small area of weeds 
including flea bane 
(Conyza bonariensis), 
fireweed (Senecio 
madagascariensis) 
and sow thistle 
(Sonchus oleraceus), 
<1% per species 
J. acutus 
Small area of weeds 
including Flea bane 
(Conyza 
bonariensis)and 
Fireweed (Senecio 
madagascariensis) 
present, <1% cover 
total 
Management 
Recommendations 
Continued removal of 
J. acutus 
Continued removal of 
J. acutus 
Eradication of weeds 
Continued removal of 
J. acutus 
Eradication of weeds 
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6.2.2 Mangrove Vegetation Health 
Previously, SOPA identified three areas of poor mangrove vegetation health and two 
localised mangrove dieback patches (Paul 2015, shown in Figure 6.1). Areas of poor 
overall vegetation health identified were located at Bennelong Pond, north of 
Bennelong Pond, and west of Bennelong Pond (Figure 6.1). Poor health at 
Bennelong Pond and north of Bennelong Pond was attributed to poor tidal exchange 
due to a levee and weir (Paul 2015). Two areas of mangrove dieback were identified, 
and are visible in the 2015 aerial photography, indicated by arrows in Figure 6.1. 
Dieback in these areas was been attributed to poor tidal flushing, specifically poor 
drainage and pooling (Paul 2014a; Paul 2014b). 
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Figure 6.1: Areas of 1) poor overall mangrove health (delineated by white boxes) and 
2) mangrove dieback (indicated by arrows) identified by SOPA in 2013 and 2015 at the 
Badu Wetlands, Sydney Olympic Park, NSW, Australia. 
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Two areas of mangrove dieback were previously reported by SOPA (Paul 2014a), a 
larger northern and smaller southern area in the Northwestern section of the Badu 
Mangroves, west of Powells Creek. During the course of fieldwork these areas were 
visited. 
 
The larger northern area of mangrove dieback (Figure 6.2) was observed to have 
pooled water at low tide, dead trees, fallen limbs, dead and weak pneumatophores 
and abnormal epicormics growth on the few remaining live mangrove trees. There 
was also a distinct absence of seedlings on the ground, in contrast to the 
surrounding area. 
 
 
 
Figure 6.2: Photograph taken in the large northern area of mangrove dieback on 13th 
June 2015 in the Badu Wetlands, Sydney Olympic Park, NSW, Australia.  
 
The smaller southern area of mangrove dieback (Figure 6.3) was also observed to 
have pooled water, dead trees and fallen limbs. However, in contrast to the larger 
area of mangrove dieback, seedlings were present in the area, indicating mangrove 
recovery and a return to favourable conditions for mangrove vegetation. Additionally, 
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scorch marks were present on tree limbs, suggesting a lightning strike as the likely 
cause for mangrove dieback in this area. 
 
 
Figure 6.3: Photographs taken in the southern area of mangrove dieback on 13th June 
2015 in the Badu Wetlands, Sydney Olympic Park, NSW, Australia 
6.2 Wetland Distribution, Geomorphology and Hydrology 
6.1.1 Vegetation Distribution Mapping 
2015 vegetation distribution showed that mangroves were the dominant vegetation 
type in the Badu Wetlands. Of the area occupied by vegetation in the Badu Wetlands 
mangroves were dominant, A. marina occupying 81% of the area. Of the remaining 
area, saltmarsh and C. glauca occupied similar proportions of the wetland, 
occupying 8.6% and 8.4% respectively. Mixed mangrove and saltmarsh vegetation 
occupied the smallest proportion of the wetland, 2.2% (Table 6.2). 
 
Some change in vegetation distribution occurred between 2000 and 2015 at the 
Badu Wetlands (Figure 3.3e and Figure 6.4). No significant invasion of saltmarsh by 
mangroves was evident based on the comparison of these figures. The primary 
difference between these figures was the mapping of impacted mangrove vegetation 
in Figure 3.3e, and the mapping of mixed vegetation in Figure 6.4. The mapped 
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mixed vegetation and occupying a similar location and extent to the impacted land, 
and extended northwards to connect to the large area of saltmarsh in the northern 
area of the Badu Wetlands (Figure 6.4). 
 
Table 6.2: Total area of mangrove, mixed and saltmarsh vegetation mapped in the 
Badu Wetlands, Sydney Olympic Park, 2015. 
Vegetation Type Area (m2) Percent Area (%) 
Mangrove 305145.77 80.8 
Mixed 8217.03 2.2 
Saltmarsh 32373.82 8.6 
Casuarina 31547.23 8.4 
Total 377283.85 100 
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Figure 6.4: Distribution of wetland vegetation in the Badu Wetlands, Sydney Olympic Park, NSW, Australia, 2015.
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Overall, area of Wilsonia backhousei in the Badu Wetlands slightly increased 
between 2014 and 2015, following a significant increase in the area of interest 
between 2007 and 2014.  Total Wilsonia backhousei extent in 2007, within the area 
of interest shown in Figure 5.2 was 68.87 m2, increased to 222.45 m2 in 2014.  Total 
Wilsonia backhousei extent mapped for the same area in 2015 was 223.15 m2 
(Figure 6.5), total area increased by 0.7 m2 indicating that area was maintained or 
slightly increased over this time.   
 
The difference in Wilsonia backhousei extent observed was likely the result of growth 
since 2014, and differences in surveying techniques. For example, less detailed 
surveying in 2015 compared to 2014 would likely have yielded a greater area, as 
would surveying additional areas of Wilsonia backhousei.  
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6.1.2 Elevation 
Quality of LiDAR Derived DEM 
Overall, there was strong correlation between the elevation values collected using 
the RTK GPS, and corresponding values from LiDAR derived DEM (Figure 6.6, 
R2=0.82, p<0.0001). This suggests that overall, the digital elevation model accurately 
represented the elevation of the Badu Wetlands. 
 
Figure 6.6: Correlation between all RTK GPS points and 2015 digital elevation model 
values for the Badu Wetlands. 
 
Additionally, there was strong correlation between the elevation values collected 
using the RTK GPS, and corresponding values from the LiDAR derived DEM for 
each vegetation type (Figure 6.7). Saltmarsh and mangrove had markedly higher 
correlations compared to mixed vegetation and Casuarina glauca, suggesting that 
the elevation of saltmarsh and mangrove was more accurately represented by the 
DEM (Figure 6.7).  
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a)Mangrove (n=26) 
 
b)Mixed (n=33) 
 
c)Saltmarsh (n=245) 
 
d)Casuarina glauca (n=12) 
Figure 6.7: Correlation between all RTK GPS points and 2015 digital elevation model 
values for a) mangrove, b) mixed, c) saltmarsh and d) Casuarina glauca vegetation the 
Badu Wetlands. 
Relationship Between Elevation and Vegetation Distribution 
Mean elevations are as expected, increasing from mangrove, to mixed, to saltmarsh 
to Casuarina glauca. However, when the full elevations ranges of each vegetation 
type are considered there is overlap in vegetation ranges, even when corrected to 
mean ±2 standard deviations (Table 6.3). Overall, mangrove, mixed, saltmarsh and 
Casuarina glauca vegetation at the Badu Wetlands occupies distinct but indiscrete 
vegetation ranges. 
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Wilsonia backhousei occupies a narrow elevation range, only ~20cm, within the 
vegetation ranges of saltmarsh and mixed mangrove and saltmarsh vegetation.  
 
Table 6.3: Elevation statistics for vegetation in the Badu Wetlands, Sydney Olympic 
Park, 2015. 
Vegetation 
Type 
Minimum 
Elevation 
(m) 
Mean-2SD Mean 
Elevation 
(m) 
Mean+2SD Maximum 
Elevation 
(m) 
Standard 
Deviation 
Mangrove -0.26468 0.145037 0.735193 1.325349 2.898729 0.295078 
Mixed 0.646399 0.627141 0.882177 1.137213 2.293093 0.127518 
Saltmarsh 0.641207 0.469504 0.997812 1.52612 2.725986 0.264154 
Casuarina 
glauca 
0.560385 0.636193 1.701587 2.766981 3.699147 0.532697 
Wilsonia 
backhousei 
0.839893 0.858371 0.980423 1.102475 1.099976 0.061026 
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Figure 6.8: LiDAR derived digital elevation model of the Badu Wetlands, Sydney Olympic Park, NSW, Australia, 2015. 
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Elevation Change Since 2012 
The digital elevation model of difference shows little difference between elevations 
observed in 2012 and 2015, areas with little difference displayed as yellow, 
increases in elevation shown in orange and red, and decreases in elevation shown in 
green (Figure 6.9). Mean difference within the Badu Wetlands was -6cm, well within 
the ±10cm tolerance specified by the 2012 LiDAR metadata, differences in elevation 
within the Badu Wetlands therefore likely attributable to LiDAR data error rather than 
actual change.  
 
Differences in elevation were shown to have occurred in developed areas outside of 
the Badu Wetlands, and for water both within and outside of the Badu Wetlands. 
Significant differences were shown in developed areas outside of the Badu 
Wetlands, likely attributable to development between 2012 and 2015 LiDAR captures 
dates. This development may have been as simple as landscaping, or as significant 
as the construction of new buildings.  
 
Elevations of tidally influenced waters, such as those in Homebush Bay and Powells 
Creek, were shown in the DoD to have increased to varying amounts, from less than 
one to several metres in most of the DoD. Other bodies of water were also shown to 
have substantially increased in elevation between 2012 and 2014, the most 
noticeable example the dark red area west of the Badu Wetlands. The increased 
elevation of water levels between 2012 and 2015 may be attributable to a number of 
factors; tidal influence, LiDAR capture of water surfaces instead of water body beds, 
meteorological events, and inter-annual and inter-decadal climatic differences. 
However, as significant elevation changes outside the Badu Wetlands have no direct 
relevance to this study the cause of these changes will not be investigated.  
 
2008 LiDAR quality was poor in comparison to 2012 and 2015 LiDAR, as was the 
subsequent quality of the DoD for 2008 and 2012. These results have instead been 
presented in Appendix E. 
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Figure 6.9: Digital elevation model of difference for 1 m digital elevation models derived from 2012 and 2015 LiDAR at the Badu 
Wetlands, Sydney Olympic Park, NSW, Australia (mean difference in the Badu Wetlands =-6cm). 
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Relationship between Elevation and Previously Identified Areas of Poor Mangrove 
Health 
There is no significant difference between elevations in areas of good and poor 
mangrove health previously identified by SOPA evident on the basis of inspection of 
the 2015 DEM (Figure 6.8). However, transects through areas of poor mangrove 
health show otherwise. A transect passing through the mangrove dieback area 
shows a depression of approximately 15cm in the large northern area of mangrove 
dieback, and suggests a slight elevation depression of approximately 10cm in the 
smaller southern area. (Figure 6.10b) A similar depression of approximately 10cm 
was found for the area of poor overall mangrove health west of Bennelong Pond. 
However, this depression seems to be related to channel morphology, with a natural 
levee present (Figure 6.10c). 
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a) Location of transects 
 
b) A to B 
 
c) C to D 
Figure 6.10: a) Location of elevation transects, b) transect A to B through areas of mangrove dieback, c) transect C to D through area 
of poor mangrove health at the Badu Wetlands, Sydney Olympic Park, NSW, Australia, 2015.
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6.1.4 Hydrology 
The Badu Wetlands is subject to mixed semidiurnal tides, approximately every 
twenty four hours a high and low tide of high magnitude occurring followed by a high 
and low tide of lower magnitude. Sites in the Badu Wetlands were observed to have 
up to two high tides per day (see Appendix C), lagging between 32 to 67 minutes 
from Fort Denison (Table 6.4). The number of tides visible in each twenty four hour 
period varied between sites, loggers 8 and 9 recording two high tide peaks per day 
over the study period, whereas at other locations only the higher high water was 
evident in the logger data. Loggers 8 and 9 were placed at relatively low elevations, 
only loggers 4 and 5 in mangrove dieback areas at lower elevations where poor 
drainage may have prevented observation of the lower magnitude high tide, so the 
lower high tides were of insufficient magnitude to reach higher elevations over the 
study period. 
 
Inundation varied between sites, with a minimum hydroperiod of 0.002 observed at 
water logger 10 in saltmarsh vegetation over the study period, and a maximum 
hydroperiod of 0.53 observed at site 4 in a mangrove dieback area over the study 
period (Table 6.4). Overall, water level loggers in mangrove vegetation experienced 
the highest hydroperiods, followed by those in mixed vegetation, the lowest 
hydroperiods observed in saltmarsh vegetation (Table 6.4). 
 
Flow length was highly variable at Homebush Bay. Overall, flow lengths were higher 
for areas of saltmarsh compared to mixed and mangrove vegetation (Figure 6.11), 
indicating lower inundation rates for saltmarsh compared to mixed vegetation, and 
mixed vegetation compared to saltmarsh vegetation. Flow lengths were 
uncharacteristically high in some areas of poor mangrove health previously identified 
by SOPA, specifically Bennelong Pond and north of Bennelong Pond (Figure 6.11). 
This suggests a lack of inundation or tidal exchange in these areas.  
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Figure 6.11: Flow length and accumulation for the Badu Wetlands, Sydney Olympic Park, NSW, Australia 2015.
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The hydrological variables investigated, summarised in Table 6.4, also demonstrated 
differences in hydrology in areas of poor mangrove health. In areas of visible 
mangrove dieback hydroperiod was significantly higher, 0.56 at logger 4 and 0.26 at 
logger 5, than in areas assessed to be of good health, such as logger 3 with a 
hydroperiod of 0.05 (Figure 6.12). These areas of dieback also exhibited higher 
drainage times, and higher times to drain compared to fill (Table 6.4). 
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Figure 6.12: Hydroperiod at each water level logger at the Badu Wetlands, Sydney 
Olympic Park, NSW, Australia. 
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Table 6.4: Summary of hydrology at each water level logger at the Badu Wetlands, Sydney Olympic Park, NSW, Australia. 
Water Level Logger Number 1 2 3 4 5 6 7 8 9 10 
Height of Water level Logger (AHD) 0.831 0.789 0.782 0.557 0.743 0.93 0.798 0.781 0.697 0.973 
Hydroperiod (18/6 20:15-14/7 20:15) 0.02 0.06 0.05 0.53 0.26 0.02 0.05 0.08 0.12 0.002 
Highest Tide Observed (m) 0.166 0.252 0.247 0.441 0.374 0.138 0.228 0.277 0.31 0.034 
Highest Tide Observed (AHD) 0.997 1.041 1.029 0.998 1.117 1.068 1.026 1.058 1.007 1.007 
Flow Length 2734.8 2732.8 2670.3 2391.3 2503.7 2204.8 2022.8 2751.5 2634.3 2948.4 
Tidal Lag from Fort Denison (minutes) 42 42 42 42 42 32 32 37 42 67 
Flood Tide (minutes) 130 100 120 335 130 260 130 175 90 - 
Ebb Tide (minutes) 155 305 245 1275 1370 285 160 535 805 - 
Ebb Tide/Flood Tide 1.19 3.05 2.04 3.81 10.54 1.10 1.23 3.06 8.94 - 
Vegetation Type Mixed Man. Man. Mang. Man. Man. Man. Mixed S.marsh S.marsh 
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The relationship between elevation and inundation was investigated through linear 
regression analysis, which showed that there was a significant relationship between 
elevation of water level loggers and hydroperiod (R2=0.70, p=0.0026), hydroperiod 
decreasing as elevation increased (Figure 6.13).  
 
Figure 6.13: Linear regression of hydroperiod and elevation at the Badu Wetlands, 
Sydney Olympic Par, NSW, Australia. 
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6.3 Elevation and Accretion Dynamics Since 2000 
6.3.1 SET-MH 
For both mean rates of vertical accretion and surface elevation change, rates for 
mangrove were greater than those of mixed, which were greater than those of 
saltmarsh (Figure 6.14). Mean rates of surface elevation change for mangrove and 
mixed vegetation exceeded local sea level rise rates of 0.9 mm/year (Table 6.5). The 
mean rate of surface elevation change for saltmarsh did not exceed 0.9 mm/year 
(Table 6.5), however the coefficient of determination for the linear regression from 
which this rate was derived (R2=0.14) was markedly lower than all other coefficients 
of determination for linear regressions performed for both surface elevation change 
and vertical accretion for all vegetation zones, which were all greater than R2=0.90 
(Figure 6.14). 
 
Multivariate repeated measures ANOVA (table available in Appendix I) indicated that 
there was a significant difference between the degree of vertical accretion and 
surface elevation change (p<0.0001), the degree of change between zones 
(p=0.0006) and degree of change over time (p<0.0001).  However, there was also 
significant interaction effects for vertical accretion and elevation change and zone 
(p=0.0112), and time, vertical accretion and elevation change, and zone (p=0.0159). 
No interaction effects were observed for vertical accretion and elevation change and 
zone (p=0.1291). 
 
Relationship of Vertical Accretion and Surface Elevation Change to Environmental 
Variables 
Linear regression analysis showed that there was no significant relationship between 
surface elevation change and monthly SOI (R2=0.03, p=0.3266), or mean monthly 
rainfall with a 3-month lag (R2=0.04, p=0.2249). However, vertical accretion did have 
a significant relationship with mean monthly rainfall with a 3-month lag (R2=0.15, 
p=0.0194) and monthly SOI (R2=0.23, p=0.0030). There was no significant 
relationship with mean monthly rainfall for surface elevation (R2=0.03, p=0.3033) and 
vertical accretion (R2=0.04, p=0.2341). 
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Figure 6.14: Surface elevation and sediment accretion (± standard error) for mangrove, mixed and saltmarsh zones within the Badu 
Mangroves, Sydney Olympic Park, NSW, Australia
Mangrove Surface Elevation
y = 0.0072x - 256.83
R² = 0.9338    p<0.0001
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y = 0.0052x - 186.45
R² = 0.9448    p<0.0001
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Table 6.5: Mean rates of surface elevation change and accretion for 2000-2015 at the 
Badu Mangroves, Sydney Olympic Park, NSW, Australia. 
 Zone 
 Mangrove Mixed Saltmarsh 
Mean Rate of Vertical Accretion (mm/year) 3.31 3.07 1.34 
Mean Rate of Surface Elevation Change (mm/year) 2.63 1.90 0.21 
Accumulative Vertical Accretion (mm) 39.57 44.89 19.06 
Accumulative Surface Elevation Change (mm) 38.97 37.46 6.87 
 
 
6.3 Future Distribution of the Badu Wetlands at Sydney Olympic Park 
6.3.1 SLAMM 
Modelling of vegetation response to sea level rise using SLAMM did not reflect 
recent observations of vegetation change, indicating that the model requires further 
refinement for application at the Badu Wetlands. A number of model iterations were 
run, iterations often re-run with altered model settings and elevation and site 
parameters to ensure that no setting or parameter was disproportionately influencing 
results. Three model iterations were run, with mangrove and mixed vegetation 
classified as summarised in Table 6.6 below. 
Table 6.6: SLAMM vegetation categories assigned to wetland vegetation at the Badu 
Wetlands for each model iteration. 
 Vegetation Present and Assigned Categories 
Vegetation Present Mangrove and Mixed Vegetation Saltmarsh Vegetation 
Iteration 1 Transitional Salt Marsh/Shrub Scrub Regularly Flooded Marsh 
Iteration 2 Transitional Salt Marsh/Shrub Scrub Tidal Flats 
Iteration 3 Regularly Flooded Marsh Irregularly Flooded Marsh 
 
The first iteration was run with vegetation categorised as recommended in the 
SLAMM technical documentation. However, when inundated transitional marsh was 
assumed by SLAMM to convert to regularly flooded marsh, when at the site the 
reverse has been observed. Saltmarsh was then reclassified as tidal flats, which is 
assumed to convert to transitional saltmarsh when inundated. However cells 
classified as tidal flats were assumed by SLAMM to undergo erosion, and as a result 
most of the tidal flats were predicted to erode and be inundated by water by 2025, 
even for the lowest sea level rise scenario of 0.077 m and with accretion and erosion 
site parameters altered so that accretion should compensate for erosion. Lastly, 
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mangrove and mixed vegetation were classified as regularly flooded marsh, and 
saltmarsh was classified as irregularly flooded marsh. This classification assumed 
that when inundated irregularly flooded marsh converted to regularly flooded marsh, 
and avoided erosion assumptions encountered by the previous model iteration. 
 
Despite the number of iterations run, the modelling did not reflect recent 
observations of vegetation change at the site, and expectations for future vegetation 
change based on these observations. Generally, the model predicted the landward 
movement of wetland vegetation at Homebush Bay. However, the model did not 
reflect recent observations of vegetation change, most notably, no colonisation of 
saltmarsh in the northern area of the Badu Wetlands at the boundary between 
saltmarsh and mangrove vegetation. Therefore, model outputs have instead been 
presented in Appendix F.  
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7. Discussion 
7.1 Saltmarsh Vegetation Health 
The saltmarsh vegetation health assessment showed a decline in average saltmarsh 
health (Table 10.2). However, this decline in average score can be attributed to the 
surveying of three sites, which reduced site size, and all individual site scores. The 
absence of Wilsonia backhousei at one site also negatively impacted the overall 
assessment score for the site, and further decreased the average site assessment 
score for 2015. If scores were combined, and the site monitored as a whole, the 
average score would be equal to or higher that of the 2014 survey. With the impact 
of differences in surveying methodology considered, the overall health of saltmarsh 
in the Badu Wetlands is good and improving. However, some management issues 
were identified by the saltmarsh vegetation health assessments which must be 
assessed by management in order to maintain saltmarsh health at the Badu 
Wetlands. Mangrove seedlings, Juncus acutus and various noxious weeds were 
present in the saltmarsh vegetation health assessment sites. In response, 
management must continue their Juncus acutus eradication program, mangrove 
seeding removal program, and eradicate the noxious weeds present.  
 
7.2 Wetland Distribution, Geomorphology and Hydrology 
7.2.1 Wetland Distribution 
Visual inspection shows that the wetland vegetation in the Badu Wetlands has 
remained relatively stable between 2000 and 2015. Slight change was observed, the 
most notable difference the change of impacted mangrove forest to mixed mangrove 
and saltmarsh vegetation. Notably, saltmarsh was not observed to be invaded by 
mangroves (Figure 3.3; Figure 6.4). This is in contrast to the trend of mangrove 
encroachment by Avicennia marina into saltmarsh reported in the recent past at 
Homebush Bay (Rogers 2004), and well documented in Southeastern Australia 
(Saintilan & Williams 1999; McLoughlin 2000; Harty 2004; Rogers et al. 2006). 
Invasion of saltmarsh by mangrove species has also been documented outside 
Southeastern Australia, both within Australia (Rogers, Neil Saintilan & Heijnis 2005; 
Eslami-Andargoli et al. 2009), and internationally (Saintilan et al. 2014). 
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The international expansion of mangroves has been observed in North America 
(Stevens et al. 2006; Perry & Mendelssohn 2009; Alleman & Hester 2011; Pickens & 
Hester 2011; Comeaux et al. 2012; Bianchi et al. 2013), South America (Saintilan et 
al. 2014 citing Gerardo, personal communication), Asia(Lee & Yeh 2009; Durango-
Cordero et al. 2013), South Africa (Ward & Steinke 1982; Bedin 2001) and 
Australasia (Burns & Ogden 1985; Saintilan & Williams 1999; Morrisey et al. 2003; 
Lovelock et al. 2007; Stokes et al. 2010). Internationally, mangrove expansion at the 
expense of saltmarsh has coincided with the poleward extension of mangrove 
temperature thresholds, for example reducing frost events, coincident with sea level 
rise (Saintilan et al. 2014). However, the mechanism of range expansion was found 
to be complicated by limitations on dispersal, and a range of localised factors. For 
example, in Louisiana, USA, mangroves dominate higher elevation settings and are 
excluded from lower elevations due to factors such as predation (Patterson et al. 
1997) and plant competition (Patterson et al. 1993), whereas Southeast Australian 
mangroves show greater mortality due to propagule desiccation in high salinity, low 
inundation areas (Clarke & Allaway 1993).  
 
As Homebush Bay is in a temperate climate, far from the observed poleward limit of 
mangrove vegetation, decreased occurrence of frost events is unlikely to have 
affected the area. Instead, rising sea levels and temperatures, and other localised 
factors are more likely to have contributed to saltmarsh encroachment by mangroves 
at Homebush Bay. For example, increased water levels will have increased the 
elevation of the high salinity, low inundation areas that mangroves were previously 
excluded from. However, no evidence of invasion of saltmarsh by mangroves at the 
Badu Wetlands was evident on the basis of classification of high resolution aerial 
photography (Figure 6.4). This lack of invasion is due to recent management 
interventions made by SOP, primarily their mangrove seedling removal programme. 
The continuation of the mangrove seedling removal programme will continue to 
prevent saltmarsh loss to mangroves at the site. 
7.2.2 Wilsonia backhousei Distribution 
Wilsonia backhousei distribution has remained stable since the 2014 study. Less 
than 1 m2 difference in distribution was detected (Figure 6.2). This overall stability in 
area, following the substantial growth in area between 2008 and 2014, is most likely 
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due to the continued success of SOPA’s programs to improve Wilsonia backhousei 
condition, such propagation and transplantation of W.backhousei. 
 
Relatively little is known about Wilsonia backhousei with the few published studies 
dedicated to the species focusing on phenology (Sommerville et al. 2012), genetic 
diversity (Sommerville et al. 2006; Sommerville et al. 2013), and conservation (Kay 
2004). The success of Wilsonia backhousei conservation efforts at Homebush Bay, 
and knowledge gained in the process, should continue to be documented, as there is 
the distinct opportunity to contribute to the understanding of the species. 
 
7.2.3 Wetland Elevation 
The accuracy of the 2015 LiDAR derived DEM was relatively good (R2=0.82, 
p<0.0001, Figure 6.6), ranging from very accurate in saltmarsh (R2=0.87, p<0.0001) 
to somewhat accurate in mixed mangrove and saltmarsh vegetation (R2=0.49, 
p<0.0001) (Figure 6.7). On the basis of the strong relationship between RTK-GPS 
elevations and DEM elevations, the LiDAR derived DEM was deemed satisfactorily 
accurate for use in this study.  
 
However in other studies, LiDAR, and data derived from LiDAR, has been widely 
observed to have poor accuracy in wetland vegetation, as thick mangrove canopies 
and saltmarsh groundcover prevent LiDAR from reaching the ground and returning 
to the sensor (Schmid et al. 2011). Various strategies have been used to overcome 
the inaccuracy of LiDAR in wetland environments. ‘Simple’ techniques include using 
correlations and other mathematical relationships between LiDAR and other 
elevation data known to be accurate to correct the LiDAR, or LiDAR derived data 
(Hladik & Alber 2012). More time consuming methods include surveying with an 
RTK-GPS or dumpy level in order to replace the affected sections of LiDAR, or 
LiDAR derived data, with elevation data produced by the survey. In this study the 
magnitude of error was not significant enough to necessitate the correction of the 
DEM, or collection of more accurate spatial data to construct an alternate DEM. 
 
Between 2012 and 2015 the Badu Wetlands experienced relatively little change in 
elevation (Figure 6.9). Mean change detected in the Badu Wetlands was within the 
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error estimates provided within the LiDAR metadata, so may be attributed to error, 
rather than actual change. Outside the Badu Wetlands areas that experienced the 
most elevation change were water, most of which is tidally influenced, and areas 
which had undergone development. 
 
Elevation of mangrove and saltmarsh vegetation within the Badu Wetlands relative to 
sea level is consistent with wider patterns of wetland elevation relative to sea level 
observed in Australia, occurring within the intertidal zone (Saintilan & Rogers 2013). 
The wetland vegetation at the Badu Wetlands when considered as ranges of mean 
elevation ±2 standard deviations, occurs between 0.15 m, the lower mangrove 
elevation, and continues upward to 1.53 m, the upper saltmarsh vegetation (Table 
5.5). This places the wetland vegetation occurrence between lower than MLLW (0.40 
m), and MHHW (1.76 m), within the intertidal zone. However, as sea levels rise, so 
will the tidal frame, wetland vegetation inclined to move upward with it.  
 
7.2.4 Hydrology 
The Badu Wetlands is subject to slightly mixed semidiurnal tides, however at many 
water logger locations only one high tide each day was observed. Two high tides per 
day were visible at loggers located lower in the tidal frame, in areas without poor 
drainage such as the mangrove dieback areas. Therefore, during the study period 
lower high waters were of insufficient magnitude to flood areas of the Badu Wetlands 
at higher elevations.  
 
Hydroperiod, the proportion of time during which each water level logger was 
inundated for was highly variable at the site, ranging from 0.2% of the study period in 
saltmarsh at 0.97 m AHD to 53% of the study period in mangrove dieback at 0.56 m 
AHD (Table 6.4). Frequency of inundation, expressed as hydroperiod, is an 
important proxy for the tolerance of plants to salinity and inundation, influencing 
vegetation distribution and sediment accretion (Crase et al. 2013; Oliver et al. 2012; 
Rogers, Neil Saintilan & Cahoon 2005; Rogers et al. 2006). As a result, hydroperiod, 
and the associated tolerance of plants to inundation and salinity, is important for the 
investigation and management of both current and future management issues at the 
Badu Wetlands. In this study, elevated hydroperiods in areas of mangrove dieback, 
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and hydroperiods low in relation to areas of poor mangrove health (Figure 6.12), 
suggested that inundation in these areas is unsuitable for the vegetation present, 
further investigated below. Awareness of hydroperiod in the future at the Badu 
Wetlands will also be important for future management, as when sea-levels rise, an 
associated rise in hydroperiod may create conditions more suitable for mangrove 
establishment, in areas where mangroves were previously excluded by low 
inundation and high salinity (Oliver et al. 2012). 
7.2.5 Inundation and Elevation In Relation to Areas of Poor Mangrove Health 
There are three main areas of mangrove dieback and poor health that may be 
attributed to poor tidal flushing, including pooling due to lack of drainage. Pooling of 
water in mangroves in the Badu Wetlands is problematic, as in addition to having a 
negative effect on mangrove health, it poses a potential hazard to human health by 
providing an idea habitat for mosquito breeding and subsequent mosquito population 
growth (Paul & Kandan-Smith 2001). These areas may be summarised as the 
northern larger area of mangrove dieback, the southern smaller area of mangrove 
dieback in the Northeastern area of the Badu Wetlands, and the area of poor overall 
ecological health west of Bennelong Pond (Figure 6.1). All of these areas were 
observed to be located in depressions in the landscape (Figure 6.10). The depth of 
three depressions was estimated on the basis of the LiDAR derived DEM, however 
this DEM is subject to error (Figure 6.6), so further investigation should be conducted 
before management action is taken to ensure that depression depth was not 
incorrectly estimated due to error. This investigation could include surveying with an 
RTK-GPS, or as GPS is often limited in mangroves, a dumpy level. 
 
Two of these areas of poor health, the areas of mangrove dieback, were confirmed 
to have pooling and poor drainage due to the presence of these depressions in the 
landscape (Figure 6.10). The hydroperiod of these areas was markedly higher than 
for all other locations, 0.53 in the large area of mangrove dieback, and 0.26 for the 
smaller area of mangrove dieback (Figure 6.12). Further examination of the raw data 
for the large mangrove dieback area even showed that over the highest spring tides, 
the area did not drain for several days (Appendix C, Figure 10.5). In the larger area 
of mangrove dieback, pooling may be remedied as has been done successfully in 
the past; by cutting channels to the areas of poor drainage, or extending existing 
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ones in order to direct water away from these areas (Paul & Kandan-Smith 2001), or 
alternatively by raising the elevation of the area and creating a gradient, also 
directing the water away. However, before such an expensive management action is 
undertaken, further hydrological investigation should be conducted to determine the 
most advantageous solution. 
 
For the smaller area of mangrove dieback, tree death was likely caused by a 
lightning strike, the localised extent of the dieback, scorched limbs and signs of 
recovery (Figure 6.3) consistent with previous reports of mangrove dieback due to 
lightning strike at other mangrove locations at SOP (Cooper 2003) and 
internationally (Smith et al. 1994). As tree death was likely caused by a lightning 
strike, and recovery of the area has been observed (Figure 6.3), the presence of a 
channel or raising of elevation to create a gradient may not be necessary for the 
recovery of this localised area of mangrove dieback. Instead, the natural recovery of 
the area may be monitored by SOPA, and if recovery is not evident within a suitable 
time period, or mosquito populations rise above acceptable levels, action such as 
sediment additions to create a gradient, or channel cutting should occur. 
 
The cause of mangrove death for the smaller southern area of dieback was able to 
be determined through fieldwork, scorch marks on trees indicating a lightning strike 
(Figure 6.3). The death of trees in this area will have caused below ground 
production of carbon by mangroves to cease, relative elevation decreasing 
compared to the surrounding area, resulting in the observed depression. The cause 
of mangrove death in the larger northern area of dieback is not overtly apparent on 
the basis of fieldwork observations. However, examination of aerial photography 
from the site indicates the presence of a bund wall in the same location in 
1961(Appendix G, Figure 10.21), which would have prevented the natural movement 
of water and sediment, affecting the distribution of the vegetation present. So, this 
area of mangroves may be influenced by antecedent conditions, returning to a prior 
elevation, unable to recover due to poor tidal flushing and pooling preventing 
mangrove seedling recruitment and growth. 
 
While the area of poor mangrove health west of Bennelong Pond is subject to poor 
tidal flushing and drainage (Table 6.4), this depression has likely been caused by 
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nearby channel morphology, a large natural levee preventing return of water to the 
channel (Figure 6.10). Modification of channel shape, i.e. removal of the natural 
levee, would likely return tidal flushing to the area. This modification could be 
conducted as a part of a larger channel morphology maintenance program, 
recommended in previous studies (Rodgers et al. 2013) to ensure channels function 
as intended. 
 
Just as pooling can cause poor mangrove vegetation health, so can a lack of 
inundation. Bennelong Pond and the area of mangrove vegetation north of 
Bennelong Pond were both identified as being of poor vegetation health by SOPA  in 
the case of Bennelong Pond and the surrounding areas attributed to poor tidal 
exchange due to a levy and weir (Paul 2015). A lack of tidal exchange and poor 
inundation was indicated in this study by long flow lengths in these areas (Figure 
6.11), and low hydroperiods in the area north of Bennelong Pond, compared to 
hydroperiods in the surrounding areas with healthy vegetation (Figure 6.12). For 
mangrove health to be restored, tidal flushing must therefore be restored to these 
areas. Tidal flushing of Bennelong Pond and the surrounding areas could be 
achieved through modification of the levee and/or weir at Bennelong Pond, following 
investigation to ensure that the developed areas near the pond are not adversely 
impacted. 
7.3 SET-MH 
Surface elevation change and vertical accretion at Homebush Bay have previously 
been found to be influenced by a range of processes, with influences on surface 
dynamics more complex than accretion and compaction of sediments alone (Rogers, 
Neil Saintilan & Cahoon 2005). This study found that there was a significant 
difference between rates of vertical accretion and surface elevation change 
(p<0.0001), with more surface elevation adjustment than can be attributed to vertical 
accretion alone. Additionally, rates of vertical accretion and surface elevation change 
were found to be significantly different between zones (p=0.0006) and over time 
(p<0.0001), demonstrating the effects of vegetation type and temporal influences. 
 
At the Badu Wetlands vertical accretion was found to have a significant relationship 
with SOI (R2=0.23, p=0.0030) and mean monthly rainfall with a 3-month lag 
102 
 
(R2=0.15, p=0.0194).This relationship is consistent with past results from 
Southeastern Australia (Rogers 2004). Past studies attributed the correlation 
between changes in vertical accretion and SOI, to correlations between mean sea 
level and SOI (Rogers 2004), which during El Niño decreases mean sea level, due to 
the influence of the warming of the central and eastern tropical Pacific on climatic 
variability, in Australia leading to drier conditions and reduced rainfall (White et al. 
2014), reducing tidal range and inundation frequency, and limits the contribution of 
inorganic sediment inputs available from tides (Wood et al. 1989). 
 
While surface elevation was shown not to have a significant relationship with SOI, 
rainfall, or rainfall with a 3-month lag other studies using detrended data have 
demonstrated that when investigated over longer periods of time the influence of 
variation on surface elevation trends is diminished, but still evident when closely 
examined. Unlike vertical accretion, surface elevation was shown not to have a 
significant relationship with SOI (R2=0.03, p=0.3266), rainfall (R2=0.03, p=0.3033) or 
rainfall with a 3-month lag (R2=0.04, p=0.2249). This is inconsistent with previous 
studies at the Badu Wetlands, which showed significant relationships between 
rainfall and SOI with surface elevation change (Rogers, Neil Saintilan & Cahoon 
2005; Rogers & Saintilan 2008). However, these studies were conducted over El 
Niño periods, from two to three years in duration. In a study of a similar duration at 
the Tweed River, NSW, surface elevation anomalies in detrended surface elevation 
data were found to have a significant relationship with rainfall (Rogers et al. 2014), 
further study at Homebush Bay using this methodology possibly leading to similar 
results. So, while SOI and rainfall are strongly correlated to surface elevation change 
during drought periods (Rogers, Neil Saintilan & Cahoon 2005; Rogers & Saintilan 
2008), when investigated over longer periods of time the influence of variation on 
surface elevation trends is diminished, but still evident when these patterns are 
closely examined.  
 
Overall, mean rates of surface elevation change at the Badu Wetlands in mangrove 
and mixed zones exceed local sea level rise at Ford Denison, so are unlikely to be 
vulnerable to sea level until rates of sea level rise exceed those of surface elevation 
change. Conversely, mean rates of surface elevation change for saltmarsh do not 
exceed local rates of sea level change, though the correlation for the linear 
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regression from which the mean rate was derived was only R2=0.14. However, 
examining the accumulative surface elevation also reinforces the possibility that 
overall, surface elevation in saltmarsh is lagging behind local rates of sea level rise, 
with only 6.9 mm in cumulative change since the SETs were established (Table 6.5), 
compared to 14 mm of local sea level rise over the same period, based on the rate of 
0.9 mm/year at Fort Denison (White et al. 2014). Over time, if this trend of rates of 
sea level rise exceeding rates of surface elevation change in saltmarsh at the Badu 
Wetlands continues, vegetation change is likely, as position relative to the tidal frame 
changes. Even if the mangrove seedling removal program continued, the increase in 
inundation associated with sea level rise would render the area unsuitable for growth 
of saltmarsh in the future.  
 
However, this management action might not be crucial for the preservation of 
saltmarsh distribution and extent at the Badu Wetlands for some time. Though 
saltmarsh is more vulnerable to sea-level rise due to low rates of surface elevation 
change, it is positioned high in the tidal frame. At the Badu Wetlands saltmarsh was 
observed to have a minimum elevation of 0.64 m, 3.4 m higher compared to other 
wetland vegetation such as mangroves which were shown to have a minimum 
elevation of -2.8 m (Table 6.3). So, while rates of saltmarsh elevation change and 
accretion continue, and sea-level rise remains relatively low and consistent with 
recent trends, Southeastern Australian saltmarsh including saltmarsh at the Badu 
Wetlands will continue to have a low rate of vulnerability to sea level rise (Rogers 
2004; Saintilan & Rogers 2013). 
 
However, if sea-level rise accelerates and inundation of saltmarsh increases, if 
current saltmarsh extent and distribution is to be maintained at SOP in the Badu 
Wetlands, management will likely have to take action, maintaining elevation relative 
to the tidal frame. This management action could be in the form of sediment 
nourishment, artificially increasing vertical accretion, or a SmartGate, controlling the 
position of the tidal frame as has already been done at the Waterbird Refuge (Paul 
2009). 
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7.4 Future Distribution of the Badu Mangroves 
Modelling of vegetation change in response to sea level rise using SLAMM was 
deemed unsuccessful in this study. Model performance improvements were 
attempted as suggested by the technical documentation, using high quality elevation 
data and including as many site-specific parameters as possible (Clough et al. 
2012), and as suggested by the literature, such as aggregating wetland vegetation 
categories (Wu et al. 2015), in this study mixed and mangrove vegetation combined 
into the same SLAMM vegetation category (Table 6.6). While landward movement of 
vegetation was predicted by the model as expected, the model did not reflect recent 
observations of vegetation change, such as the invasion of saltmarsh by mangroves 
at the mangrove-saltmarsh boundary in the northern area of the Badu Wetlands. The 
primary factor determining vegetation change within SLAMM is elevation relative to 
the tidal frame, vegetation category changed by the model when the elevation of a 
cell falls outside the elevation range of the input vegetation category assigned by the 
user, the vegetation category the cell is converted then determined by SLAMM.  
(Clough et al. 2012). For example, when irregularly flooded marsh is inundated it is 
converted by SLAMM to regularly flooded marsh (Clough et al. 2012). However, at 
Homebush Bay there is significant elevation overlap between vegetation categories 
(Table 6.3), exaggerated within SLAMM by the lowering of saltmarsh elevation 
ranges in the Waterbird Refuge due to the artificial tide regime determined by SOPA, 
tidal regime variable across the landscape, but not modelled as such in SLAMM. 
Expected vegetation change was likely not observed as expected in SLAMM as 
elevation did not change relative to sea level enough that the elevation fell outside 
the elevation range of the input vegetation category. While the Waterbird Refuge 
could have been excluded from modelling by clipping northern area including the 
Waterbird Refuge and open water from the input raster files, doing so would also 
have clipped some of the northern areas of the Badu Wetlands.  
 
SLAMM also assumes static wetland surfaces, surface elevation change for each 
wetland habitat remaining constant through time, when this is unlikely to be the case 
under future sea-level rise. In the model, wetland surfaces are assumed to be static, 
with no morphological change in conjunction with sea-level rise (Akumu et al. 2011; 
Clough et al. 2012; Traill et al. 2011). In reality, inundation by sea-level rise would 
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likely increase sediment accretion by stimulating biomass production and allowing 
more sediments to be trapped by vegetation (Morris et al. 2002).  
 
On a more regional level, it has also been noted that SLAMM lacks mechanisms to 
account for some site and regionally specific factors. For example, the model has no 
mechanism to account for damage to vegetation caused by disturbances such as 
storms (Glick et al. 2013). Wetlands modelled in Louisiana were regularly subject to 
hurricanes, which are expected to increase in intensity over time due to climate 
change, the effects of large hurricanes on the wetland present a ‘wildcard’ factor with 
the potential to affect future wetland vegetation configuration (Karl et al. 2009). While 
tropical hurricanes are not a concern at the Badu Wetlands, this example 
demonstrates the difficulty of modelling wetlands worldwide which are subject to 
spatially variable influences on vegetation. 
 
However, SLAMM will likely become suitable for use at Homebush Bay in the future 
as the model is improved, with a greater range of user defined parameters, and 
further refinement of the processes modelled. For example, the implementation of 
modification of elevation ranges and other parameters on a sub-site basis, spatial 
variation on a sub-site scale could be more completely accounted for in the model. 
These model improvements would likely allow for SLAMM to be used at sites such 
as Homebush Bay, where elevation ranges are far from discrete. 
 
Though SLAMM was unsuccessful in modelling the likely impacts of sea level rise on 
vegetation at Homebush Bay, future sea level rise and resulting impacts are likely to 
occur, and may require management attention. Even though surface elevation 
currently exceeds localised sea level rise for mangrove and mixed vegetation at 
Homebush Bay (Table 6.5), global rates of sea level rise are predicted to far exceed 
current rates of surface elevation change (IPCC 2015), the wetlands unlikely to 
increase their surface elevation rates to match future rates of sea level rise and 
maintain their current extent and distribution. Recent estimates of mangrove 
inundation based on tidal range, SET-MH measurements and sediment availability, 
including measurements from Homebush Bay, placed the inundation of 
Southeastern Australian mangrove forests assuming that landward migration is not 
possible, as likely to occur sometime between 2070 and 2075, based on a sea level 
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rise of 1.4 m by 2100, and sometime after 2100, based on the IPCC RCP6 prediction 
of 0.48 m by 2100 (Lovelock et al. 2007). Though this study estimates that 
mangroves will not be inundated for over 50 years, and as saltmarsh is located high 
in the tidal frame (Table 6.3) and therefore of low vulnerability while accretion and 
surface elevation rates and local sea levels remain stable, impacts on wetland 
vegetation are likely to emerge far earlier. For example, mangrove invasion of 
saltmarsh is already well documented in Southeastern Australia (Saintilan & Rogers 
2013), at the Badu Wetland addressed by a mangrove seedling removal program 
(Pacific Wetlands 2014), and will become more susceptible to colonisation by 
mangroves in areas where mangroves were previously excluded by low inundation 
and high salinity (Oliver et al. 2012).  
 
If sea level rise and vegetation change were not responded to by SOPA vegetation 
would attempt landward migration, but would succumb to coastal squeeze due to the 
surrounding roads and Bennelong Pond, which would prevent migration of 
vegetation. Even if roads and paths were removed to allow vegetation migration 
within Bicentennial Park, wetland vegetation migration might be prevented by steep 
slopes to the south and east of the Badu Wetlands (Figure 6.8), and the original 
amenity of grassy parklands invaded by wetland vegetation lost. Combined with the 
economic cost of infrastructure removal and relocation, allowing the vegetation to 
migrate is not likely to be the most advantageous solution. 
 
Instead, if SOPA is to maintain the current elevation of the Badu Wetland relative to 
sea level, and therefore the current distribution and extent of vegetation, surface 
elevation change rates must be equal to or greater than future rates of sea level rise, 
and the rise of the tidal frame. The hydrology of the Badu Wetlands, including the 
tidal frame, may be artificially controlled through the use of a SlipGate, as has been 
done successfully at the Waterbird Refuge (Paul 2009). Adjustment of the wetlands 
through sediment accretion could also be assisted through sediment nourishment, 
has been done internationally at larger scales (Khalil et al. 2010). Sediment 
previously extracted from channels could be used for this nourishment project, the 
on-site location likely substantially reducing the cost of acquisition of suitable 
sediment (Khalil & Finkl 2009; Khalil et al. 2010). However, the increased sediment 
load would likely increase the sedimentation rates of the channels in the Badu 
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Wetlands, sedimentation of excavated channels previously identified as a 
management issue (Rodgers et al. 2013)  
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8. Conclusions and Management Recommendations 
The Badu Wetlands is a valuable ecosystem, providing a range of environmental, 
educational, economic, and recreational benefits to those who work at and visit 
Bicentennial Park. This study suggests that though there has been little change in 
overall vegetation health and distribution, management should act to ensure that the 
health and extent of the Badu Wetlands is maintained, and where possible improved, 
so that the ecosystem services this urban wetland generates are provided in the 
future. 
 
It was found that the Badu Wetlands had poor mangrove health in several localised 
areas, including mangrove dieback. This poor ecosystem health in these areas is 
linked to poor tidal flushing, either through long flow lengths and lack of inundation, 
or slight depressions within the landscape causing pooling of tidal waters.  
 
Recommendations to management: In areas of pooling and poor drainage showing 
no recovery, or with unacceptably high mosquito populations, extend channels to 
restore tidal flushing and drainage after further investigation to determine the most 
advantageous channel position and morphology. Channel construction at the Badu 
Wetlands to improve tidal flushing has been successful in the past, restoring poor 
mangrove vegetation and ecological health (Paul & Kandan-Smith 2001; Rodgers et 
al. 2013). In areas where tidal exchange is impeded by levees and weirs, modify 
these structures following investigation to ensure that the surrounding developed 
areas are not adversely impacted. 
 
Vegetation distribution of mangrove and saltmarsh has remained relatively stable 
since 2000, and surface elevation and accretion trends over this period within both 
the mangrove and mixed mangrove and saltmarsh vegetation exceed current rates 
of sea level rise. However, these rates may lag behind projected rates of sea level 
rise for the 21st century. The wetlands may then attempt to adapt by migrating to 
higher elevations, where they will become restricted by existing infrastructure such 
as roads and buildings, leading to coastal squeeze.  
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Recommendation to management: There is an opportunity to control tidal regimes at 
this study site and limit coastal squeeze using technology such as SmartGates that 
control tidal inundation across the landscape. Additionally, adjustment to sea level 
rise through sediment accretion of the Badu Wetlands may be assisted through 
sediment nourishment. 
 
Overall, the Badu Wetlands are now well managed, threats to vegetation health are 
adequately identified and appropriate management actions investigated, identified 
and implemented, with improvement of ecosystem services prioritised. 
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10. Appendices 
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APPENDIX A: FULL EXTENT OF 2015 WETLAND VEGETATION MAPING 
AT HOMEBUSH BAY. 
125 
 
 
Figure 10.1: Full extent of vegetation mapped at Homebush Bay, Parramatta River, NSW, Australia, 2015. 
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APPENDIX B: AREA OF WETLAND VEGETATION MAPPED AT 
HOMEBUSH BAY IN 2015. 
Table 10.1: Total area of mangrove, mixed and saltmarsh vegetation mapped at 
Homebush Bay, Parramatta River, NSW, Australia, 2015. 
Vegetation Type Area (m2) Percent Area (%) 
Mangrove 379733.04 80.50 
Mixed 8217.03 1.74 
Saltmarsh 47577.92 10.09 
Casuarina 36169.34 7.67 
Total 471697.33 100 
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APPENDIX C: RAW PRESSURE LOGGER DATA COLLECTED IN 2015 IN 
THE BADU WETLANDS.
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Figure 10.2: Graph of water logger 1 raw data. 
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Figure 10.3: Graph of water logger 2 raw data. 
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Figure 10.4: Graph of water logger 3 raw data. 
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Figure 10.5: Graph of water logger 4 raw data. 
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Figure 10.6: Graph of water logger 5 raw data. 
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Figure 10.7: Graph of water logger 6 raw data. 
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Figure 10.8: Graph of water logger 7 raw data. 
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Figure 10.9: Graph of water logger 8 raw data. 
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Figure 10.10: Graph of water logger 9 raw data. 
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Figure 10.11: Graph of water logger 10 raw data. 
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Figure 10.12: Graph of water logger 11 raw data. 
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Figure 10.13: Graph of atmospheric pressure data used to correct water level logger data.
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APPENDIX D: SALTMARSH VEGETATION HEALTH ASSESSMENT RAW 
DATA 
Table 10.2: Saltmarsh vegetation health assessment raw data for the Badu Wetlands, 
Sydney Olympic Park, NSW, Australia, 2015. 
Site Name Badu SM 1 Badu SM 2 Badu SM 3 
Scorer CB CB CB 
Date 31/07/2015 31/07/2015 31/07/2015 
Time 1405 1447 1503 
Easting 151 04.604' 151 04.688' 151 04.748' 
Northing 37 50.453' 33 50.442' 33 50.428' 
Tide low/outgoing low/outgoing low 
Soil Moisture moist moist moist 
Dominant Species 
   
W. backhousei 1 
 
2 
C. glauca 2 2 
 
S. quinqueflora 80 90 45 
S. australis 10 25 45 
Atriplex 
   
A. marina 
   
J. acutus 
 
1 2 
Cotula sp. 
   
S. virginicus 
  
15 
Tetragonia 
   
T. striata 
 
40 15 
Scoring 
   
Area 1 1 2 
Veg condition 1.5 2 2 
Wilsonia condition 2 0 2 
Introduced Species 1 1 1 
Mangroves 1 1 1 
Crab/Snail 1 0 0 
Mosquito 0 0 0 
Erosion/Sediment 2 2 2 
Litter 2 2 2 
Trampling 2 2 2 
Total 13.5 11 14 
Management Issues J. acutus 
J. acutus (previously 
treated), weeds. 
J. acutus (juveniles). 
Other Notes 
J. acutus present, 
<1% of total site area 
Flea bane (Conyza 
bonariensis), Fireweed 
(Senecio 
madagascariensis) and 
Sow Thistle (Sonchus 
oleraceus) present, all 
<1% cover. 
Flea bane (Conyza 
bonariensis) and 
Fireweed (Senecio 
madagascariensis) 
present, <1% cover. 
 
A. marina 
pneumatophores 
present 
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APPENDIX E: FULL ENTENT OF SYDNEY OLYMPIC PARK DIGITAL 
ELEVATION MODELS AND DIGITAL ELEVATION MODELS OF 
DIFFERENCE. 
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Figure 10.14: Full extent of the LiDAR derived 2015 digital elevation model of Sydney Olympic Park, NSW, Australia. 
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Figure 10.15: Full extent of the LiDAR derived 2012 digital elevation model of the Badu Wetlands, Sydney Olympic Park, NSW, 
Australia 
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Figure 10.16: Full extent of the LiDAR derived 2008 digital elevation model of the Badu Wetlands, Sydney Olympic Park, NSW, 
Australia. 
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Figure 10.17: Digital elevation model of difference for 1 m digital elevation models derived from 2008 and 2015 LiDAR at the Badu 
Wetlands, Sydney Olympic Park, NSW, Australia.
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APPENDIX F: SLAMM OUTPUT MAPS FOR HOMEBUSH BAY, NSW, AUSTRALIA. 
   
a) Input vegetation b) Vegetation at time zero  
Figure 10.18: Vegetation classification a) input into SLAMM, calculated by SLAMM at time zero. 
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a)2025 b)2050 c)2075 d)2100 
Figure 10.19: Vegetation distribution predicted by SLAMM under a sea level rise scenario of 77 mm by 2100 at the Badu Wetlands. NB: SLAMM outputs do not reflect recent observations of vegetation 
change.
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a)2025 b)2050 c)2075 d)2100 
Figure 10.20: Vegetation distribution predicted by SLAMM under a sea level rise scenario of 1 m by 2100 at the Badu Wetlands. NB: SLAMM outputs do not reflect recent observations of vegetation 
change.
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APPENDIX G: AERIAL PHTOGRAPHY PROVODED BY SYDNEY 
OLYMPIC PARK AUTHORITY. 
 
Figure 10.21: 1961 aerial photography of the Badu Wetlands, Sydney Olympic Park, 
NSW, Australia (image provided by SOPA). 
 
Figure 10.22: 1965 aerial photography of the Badu Wetlands, Sydney Olympic Park, 
NSW, Australia (image provided by SOPA). 
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Figure 10.23: 1970 aerial photography of the Badu Wetlands, Sydney Olympic Park, 
NSW, Australia (image provided by SOPA). 
 
Figure 10.24: 1978 aerial photography of the Badu Wetlands, Sydney Olympic Park, 
NSW, Australia (image provided by SOPA). 
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APPENDIX H: MEAN MEASURES OF PIN LENGTH AND VERTICAL ACCRETION FOR EACH VEGETATION ZONE 
AT THE BADU WETLANDS. 
 
Table 10.3: Average pin length (mm) for each vegetation zone at the Badu Wetlands, Sydney Olympic Park, NSW, Australia 
Date 15/08/00 15/8/00 6/3/01 26/9/01 19/4/02 14/2/03 7/8/03 20/1/04 20/7/09 30/3/10 20/9/13 13/3/15 31/8/15 
Zone A 132.38 132.38 132.63 132.01 132.23 129.04 133.52 133.94 133.69 131.81 136.69 136.93 138.99 
Zone B 188.583 189.40 191.94 194.43 193.94 192.85 196.61 198.05 214.44 210.30 221.56 225.50 230.31 
Zone C 184.74 173.56 178.84 181.12 182.76 183.34 193.26 191.41 206.15 203.49 212.12 219.23 220.22 
 
 
Table 10.4: Average mini-core measurement (mm) for each vegetation zone at the Badu Wetlands, Sydney Olympic Park, NSW, 
Australia. 
Date 15/08/00 15/8/00 6/3/01 26/9/01 19/4/02 14/2/03 7/8/03 20/1/04 20/7/09 30/3/10 20/9/13 13/3/15 31/8/15 
Zone A 1.1 3.1 4.3 4.2 4.4 5.8 7.7 12.6 15. 6 21.1 18.1 24.8 1.1 
Zone B 4.8 5.3 7.4 9.1 4.9 12.1 13.2 30.7 25.1 46.4 50.9 49.9 4.8 
Zone C 4.2 7.9 5.9 12.0 10.6 20.3 16.1 41.7 33.3 54.7 55.7 55.4 4.2 
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APPENDIX I: ANOVA RESULTS 
Table 10.5: Within and between subject results of multivariate repeated measures ANOVA (asterisk indicates approximate F value). 
 Statistical Test Value F Numerator DF Denominator DF p 
Intercept F Test 4.8345280309 174.0430 1 36 <.0001 
Measure F Test 1.15655543937598 41.6360 1 36 <.0001 
Zone F Test 0.50715322 9.1288 2 36 0.0006 
Measure*Zone F Test 0.1204406276 2.1679 2 36 0.1291 
All Between F Test 1.86916062720974 13.4580 5 36 <.0001 
Time F Test 4.2803230615 10.1171 11 26 <.0001 
Time*Measure F Test 1.9526441154 4.6153 11 26 0.0007 
Time*Zone Wilks' Lambda 0.2713160574 2.1741* 22 52 0.0112 
Time*Measure*Zone Wilks' Lambda 0.2835064125 2.0755* 22 52 0.0159 
All Within Wilks' Lambda 0.0330269359 2.4544* 55 123.93509592 <.0001 
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